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Abstract
The aim of this thesis is to consistently fabricate low OH content silica solid-core photonic
crystal fibres of different core diameters, identified as low spectral attenuation at 1383 nm.
Three different methods are proposed. Two of them are focused on preventing the OH
contamination of glass during fabrication whilst the third method is focused on obtaining low
OH fibres by reducing the OH content of already contaminated glass. The local attenuation
at the ends of these low OH fibres is notoriously worsen when they are exposed to the
atmospheric water vapour, the levels of this attenuation depending very strongly with core
diameter. The low OH levels achieved (0.19 ppm) in the small-core photonic crystal fibres
open the scope to applications in non linear optics where standard levels of absorption
are detrimental. In particular, the principle of a widely tunable source (across the OH
absorption peak at 1383 nm) delivering femtosecond pulses beyond 2 µm is demonstrated
experimentally.
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Chapter 1
Introduction
Glass is used as a base material in a vast diversity of areas that include life sciences, aero-
spacial instruments, photonic devices, telecommunications and more recently display tech-
nologies, to mention some. The extensive use of glass has also entailed a continued investiga-
tion in fundamental materials science allowing innovation in glass properties and fabrication
processes. This has provided a solid platform for the mentioned technologies, and specially to
what concerns this thesis photonic crystal fibre fabrication. Silica glass is the most common
material used for the fabrication of optical fibres.
Optical fibres are a fundamental part of modern life and one of the major breakthroughs
of the last century, they have even transformed the way we communicate. The fibres used
in today’s telecommunications systems are fabricated to high standards by automated and
well controlled processes using the highest quality materials. As a result optical fibres have
reached an extremely high performance which includes ultra low loss and low OH content
[1], high mechanical strength and even resistance to ageing due to hydrogen diffusion [2].
The requirements and specifications of new optical fibre applications demand more versa-
tility to manipulate light that challenge the capabilities of standard optical fibres. Photonic
crystal fibres have enabled ways to manipulate light not possible before and have become a
more solid technology. One of the main drawbacks of photonic crystal fibre (PCF) current
fabrication processes is the difficulty of repeatability because such processes are not as refined
as for standard fibres. The most common PCF fabrication technique, stack and draw, in-
volves hand made construction of the preform which might introduce changes in the process
and fabrication conditions. Also small variations of the fabrication conditions can induce
changes in the fibre structure and glass properties, bearing changes in the refractive index of
the material and consequently modifying the optical properties of the fibre. The motivation
of the present work has been to obtain consistently low OH content PCF’s by means of a
6
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thorough control of the fabrication process. This investigation led to the identification of
different fabrication conditions (i. e. humidity, processing time and thermal treatments) and
their impact on the fibre transmission performance (i.e. losses).
Interestingly the first demonstration of light guiding was observed in water jets [3], and
its precisely the aim of this thesis to minimize the interaction of silica glass PCF’s and water
vapour present in laboratory. In optical fibres the absorption due to OH is well known, it has
motivated research in materials properties and the optical fibre fabrication. By improving
losses in optical fibres their use can be extended, in this thesis small-core PCF’s were used
as part of a tunable soliton source.
1.1 Thesis structure
As described in this chapter, the work compiled in this thesis spans from the low OH PCF’s
fabrication processes to the use of low OH small-core fibres in tunable pulsed sources. It
gathers together the fabrication processes description, characterisation and analysis of the
transmission and attenuation spectra of fibres fabricated under different conditions and the
applications of low OH content PCF’s. It comprises a collection of PCF fabrication exper-
iments to obtain low losses and low absorption at OH related wavelengths. The proposed
fabrication methods have proved to effectively reduce the fibre absorption caused by OH
contaminants allowing the use of PCF’s in even wider range of applications and wavelength
ranges.
Chapter 2 provides an introduction to silica glass and its properties as well as the nature
of intrinsic or induced defects, in silica glass fibres and the absorption bands related to them.
The implication of such defects in the formation and diffusion of OH in the silica network is
also described.
Chapter 3 introduces the stack and draw PCF fabrication technique used to obtain the
fibres fabricated for this thesis. The different loss mechanisms are also summarised along
with the existent techniques to measure losses in optical fibres.
In Chapter 4 three methods to fabricate low OH PCF’s are presented describing the
effects on PCF’s attenuation of moisture in the laboratory during fabrication, the effects
of the processing time and those of the annealing. The solid-core PFC’s (SC-PCF’s) and
the fabrication processes were fabricated and designed by the author of this thesis. The
attenuation obtained for small-core SC-PCF’s using the annealing fabrication method has
been remarkably low, and for a 2 µm core SC-PCF at the first OH-stretching overtone
(1383 nm) is the lowest reported to the date. Using this fabrication method low OH levels
were consistently achieved in SC-PCF’s.
The effects on the absorption at OH related wavelengths of solid and hollow-core low OH
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PCF’s with unsealed ends exposed for several weeks to the moisture present in laboratory
environment are presented in Chapter 5. The degradation of the fibres’ performance over
time and the localization of OH contamination on the fibre ends are analysed. It is also shown
that water vapour is present in the holes of the fibre structure as well as in the laboratory.
Chapter 6 begins by introducing the nature of soliton self-frequency shift (SSFS) and
applications of SSFS in diverse fields. The experimental characterisation of the fibre group
velocity dispersion supported by numerical calculations is also presented. The demonstration
of a widely tunable source using low OH small-core PCF carried out in collaboration with
Stephen A. Dekker and other members of the Centre for Ultrahigh Bandwidth Devices for
Optical Systems (CUDOS) research group at University of Sidney is presented too. The tun-
ing range is the widest obtained so far for tunable sources using SSFS. Finally the generation
of solitons by SSFS beyond 2 µm is demonstrated in low OH PCF’s by the author.
A summary of the results obtained in this thesis is presented in Chapter 7, it also includes
perspectives of future work related to fibre fabrication and materials. The results presented
in this thesis have been published in peer reviewed journals and are listed in Appendix A.
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Chapter 2
Silica glass: structure, defects,
“water” diffusion and OH
groups
In this chapter the author will introduce the characteristics of silica glass and will provide a
description of the defect points found in silica which are related to optical absorption observed
in spectral attenuation of the fibres fabricated for this thesis. Formation and diffusion of
OH have been a long standing problem in optical fibres transmission performance and is
introduced here too.
2.1 Silica glass structure
Silica glass is an amorphous three dimensional structure (or random network [4]) whose
basic component is the tetrahedron SiO4 that has a silicon atom in the centre bonded to
four oxygen atoms [5], represented schematically in Figure 2-1. Commonly two oxygen
atoms of the tetrahedra are shared with other SiO4, leading to the chemical formula: SiO2,
also known as amorphous silicon dioxide, fused silica, silica glass or simply silica. It is
widely accepted that lengths between Si−O, O−O and Si−Si are 1.58 A˚ , 2.6 A˚ and 3.2 A˚
respectively [6]. The angle between Si−O−Si can vary between 120◦ and 180◦ [4, 7]. The
thermal properties can change according to the type of glass. In this case the softening
temperature and annealing temperature of the glass used to fabricate the photonic crystal
fibres investigated in this thesis are specified by the manufacturer [8] to be 1600◦C and
1120◦C respectively. Thanks to its mechanical strength which arises from the covalent bonds,
9
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low electrical conductivity and transparency ranging from the ultraviolet to the infrared
(determined by the wide bandgap of ∼9eV [9, 10]) silica use has expanded to optoelectronics,
microelectronics and as the main material for optical fibre fabrication and derived devices
such as optical amplifiers, fibre lasers or wavelength filters. Manufacture costs of glass are low
compared to crystals because silica glass preparation can be carried out in a shorter time scale
making the mass fabrication costs feasible for glass industry. The difficulty of investigating
non-crystalline materials (i.e. silica) lies in the fact that a periodic unit cell can not be
defined, as opposed to in crystals. Consequently the understanding of the physics behind
amorphous structures is somewhat limited compared to that of crystals. The structure of
silica has been described as a continuous random network (CRN) [4, 11] using techniques
based on neutron scattering and X-rays. In this model the basic structural unit of silica is
the same as for α-quartz (crystal) so that in the short range both forms of SiO2 amorphous
and crystalline have similarities in their properties (transparency, mechanical strength and
low electrical conductivity). Silica has been frequently used as a model to study amorphous
materials because of its simple chemical structure. The origin of defect points and their
effect on silica properties in particular, has attracted the attention of many researchers.
Such defects are mainly associated with optical absorption (OA) and photo-luminescence
(PL) and are described in the following section.
In this thesis, the method used to obtain information about the characteristics of the
silica glass fibres was by the study of the optical absorption or attenuation obtained by the
cutback technique (explained in Chapter 3) after the transmission measurements. Changes
in fabrication method are reflected in the absorption features of the attenuation spectrum.
The spectral absorption features were observed to be related to the different fabrication
processes.
Si
O
Figure 2-1: Representation of the tetrahedra model for SiO2. White circles represent oxygen
and blue circles represent silicon.
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2.2 Silica point defects
A point defect in an amorphous material described as a CRN is an irregularity in the struc-
ture and the typical dimensions of the defect are of the order of the interatomic distance.
Defects can be classified as intrinsic or extrinsic. The first type consists of the material com-
ponents only, an example of these point defects are atom vacancies, and the latter includes
atoms different from the material composition, in silica glass the most common being OH
or chloride impurities. It is well known that radiation of different kinds (UV, X, γ, and
β rays) can damage the silica network creating defects [9, 12] determined by the type of
material and irradiation and on the irradiation energy [13]. Another cause of the formation
of point defects in silica is the rapid change in temperature during glass formation, as in
the case of silica optical fibre fabrication. The rapid changes in temperature also create me-
chanical stresses [14, 15]. Several types of defects have been found in silica and are classified
as dangling defects [16] or as oxygen defect centres (ODC) related to the photosensitivity
of silica [17–19]. Defects in silica affect its chemical stability thus affecting its guiding and
mechanical properties. There are various methods and techniques to investigate point de-
fects and their effects on the material properties. Electron paramagnetic resonance (EPR)
spectrometry is used to identify paramagnetic defects (E’ centres, non bridging oxygen hole
centres (NBOHC), peroxy radicals (POR), and self-trapped holes [17]) which give place to
optical absorption. Research on the radiation induced defects on GeO2 silica glass is still on
going [13].
In optical fibres different defect centres have been examined using techniques like electron
spin resonance (ESR) [20], optical absorption [21] and photoluminescence [22]. Losses ob-
served in optical fibres are closely related to point defects. In particular the spectral features
observed in the absorption of the optical fibres fabricated for this thesis are related to the
E’ centres and the NBOHC described in the following section.
2.2.1 E’ centres
The E’ centres are point defects that consist of an unpaired silicon electron also known
as dangling silicon defect commonly represented as ≡Si• where silica is bonded to three
other oxygens denoted as “≡” and the “•” represents the unpaired electron [17]. There are
different types of E’ centres [17, 23–25] the most common being the so called E’γ . One of
the classifications of the E’ centres is based on historical perspective. All other classification
is based on the type of irradiation to induce the E’ centres and on the material used [5, 18].
Although there is still theoretical work in progress in order to determine the structure of these
defect centres, one of the most accepted models to describe the E’ defect centres structure
was proposed by Griscom et al. [24]. The model consists of an electron trapped in non
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bonding sp3 hybrid orbital on a silicon at the site of an oxygen vacancy. E’ centres were
first observed in α-quartz [23, 26], and based on the similarities of the hyperfine structures
measured by ESR it was concluded that the E’γ defect centres in quartz are essentially the
same in silica glass [5, 24]. The optical absorption band associated to the E’γ centres is
213.7 nm (5.8eV) [18].
In optical fibres the formation of the E’ defect centres occurs both in the neck down
region of the preform whilst in the furnace (during the fibre draw) where a rapid change
of temperature takes place, freezing the defects that form at high temperatures [27, 28],
and afterwards during the cooling process. The E’ defects in fibres are therefore a result
of the whole drawing process. Concentration of E’ centres is greater on the surface than
in the centre of the fibres because the cooling down rate or quenching rate is faster on the
surface than in the centre of the preform. While recombination of defects slows down as the
glass surface cools, the recombination in the central region continues at higher rate because
the quenching rate is slower. The recombination probability of the E’ centres is inversely
proportional to the cooling down rate. The number of E’ centres depends on the thermal
history of the fibre preform [29] determined by fabrication parameters, such as core diameter
[27, 29, 30], draw speed and drawing temperature [27, 28].
2.2.2 Non bridging oxygen hole centres
Non bridging oxygen hole centres, also known as dangling oxygen defects, represented as
(≡Si−O•), are classified together with the E’ centres and peroxy radicals (POR) as dangling
defects [16]. Oxygen sites in silica are potential precursors of E’ centres (≡Si•) and NBOHC
(≡Si−O•), this process can be represented by the equation 2.1 [17, 31, 32]:
≡ Si−O−Si ≡→≡ Si−O • + • Si ≡ (2.1)
From this equation it can be inferred that when one precursor breaks (i.e. a strained
Si−O−Si) an E’ centre and a NBOHC appear.
Another NBOHC formation mechanisms exist in addition to the breakage of a strained
Si−O−Si bond, for example by breaking a peroxy linkage, described by equation. 2.2 [16],
or by breaking an O−H bond in a silanol group as shown in equation 2.3 [16]:
≡ Si−O−O−Si ≡→≡ Si−O • + •O−Si ≡ (2.2)
≡ Si−O−H→≡ Si−O • +H (2.3)
It was observed by Hibino et al. [33] that the NBOHC formation (also known as colour
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centres [21]) in optical fibres consists on the breakage of Si−O bonds induced by the draw
tension that creates shear stress σ in the neck down region, the shear stress is expressed in
equation 2.4,
σ =
F
A
(2.4)
where F is the drawing tension and A the cross sectional area of the neck down region
[33]. For a constant tension the shear stress and therefore the formation of NBOHC increases
as the fibre diameter decreases.
By loading fluorine or hydrogen in the silica network the dangling Si• or O• bonds can
be terminated to reduce the number of defects [34] improving the the resistance to radiation.
In the case of hydrogen loading it can lead to formation of silanol groups worsening the
fibres performance in the visible and near-IR wavelengths. Annealing on the other hand
relaxes the silica matrix reducing defects and eliminating OH [27, 35–38]. Both the annealing
process and number of OH groups in silica are influenced by the presence of small molecules
like hydrogen, oxygen and water according to Nuccio et al. [39]. Diffusion of water, its
reaction with silica glass, subsequent formation of OH groups (silanol) and the impact on
glass properties is of great importance for optical fibres.
2.3 “Water” diffusion into silica glass
Diffusion in solids is the transport of molecules from one region to another driven by the
gradient of concentration. Adolf Fick introduced the idea of the diffusion coefficient D
and proposed a linear empirical relation between the flux and gradient concentration of the
diffusing particles, known as Fick’s first law, expressed in equation 2.5 [38, 40]:
Jx = −D
∂c
∂x
(2.5)
where J x is the flux of the diffusing particles (molecules, atoms or ions) and ∂c/∂x is the
concentration gradient in the diffusion direction x [41]. The concentration gradient increases
in opposite direction to the diffusing flux indicated by the negative sign. The flux J x units
are mol/m2/s (moles per unit area per unit time), concentration c is the number of particles
per volume and the diffusivity D is in m2/s [40].
Another aspect of the diffusion coefficient D is its dependence on temperature, D gener-
ally follows the Arrhenius relation 2.6 [40]:
D = D0exp(−
Q
kBT
) (2.6)
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where the Q is the activation enthalpy of diffusion, kB the Boltzman constant, T the
absolute temperature and D0 a factor also known as frequency factor. D0 and Q are called
activation parameters of diffusion and depend on the solid composition and on the diffusing
molecule and are temperature independent [40, 42].
Microscopically, the diffusion process is driven by the Brownian motion of atoms and
molecules [43, 44]. Some of the possible diffusion mechanisms described to date are: in-
terstitial (also known as direct interstitial), collective (direct exchange or ring mechanism),
vacancy (dominant in metals), divacancy, interstitialcy, and interstitial-substitutional ex-
change mechanisms [40]. The interstitial mechanism, illustrated in Figure 2-2, is the simplest
of the diffusion mechanisms, it does not require a defect to activate the diffusion mechanism.
Because of this, the diffusion coefficient tends to be high for small migrating atoms like H,
C, N and O [40]. The mechanism consists of the incorporation of the diffusing particles in
interstitial sites of the host material lattice. The subsequent diffusion of the solute is given
by the jumps to nearby interstitial sites [40]. The vacancy diffusion, illustrated in Figure
2-3, is the jump of the solute to an adjacent vacancy, for example dangling defects in silica.
Figure 2-2: Illustration of interstitial diffusion mechanism (after reference [40]).
Figure 2-3: Illustration of vacancy diffusion mechanism (after reference [40]).
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Diffusion species in silica can be classified according to their type [45] or interaction with
the host material [6]. Noble gases have low interaction with the silica network. The inter-
action of molecular gasses like H2, O2 and HF for example, is weak whereas the interaction
of anions (e.g. OH–, Cl–, F–) with silica glass is classified as strong. Other diffusing species
are the so-called network constituents (e.g. GeO2, B2O3, H2, P2O5) and network modifiers
(e.g. AlO3, rare earths, heavy metal oxides as impurities). The diffusion of the above species
contribute greatly to modifying silica properties like electrical conductivity, viscosity and
optical absorption [46].
The openness of the material structure, vacancies or defects and their size as well as the
mass, charge, and size of the diffusing particles are characteristics that define the diffusion
process itself [6]. Silica glass is a porous structure in which small molecules can diffuse
rapidly through the silica lattice (i.e. ions or molecular gases) [47]. Diffusion of ions, (i.e.
OH diffusion in silica) is mainly based on chemical reactions or exchange mechanisms [14],
illustrated in Figure 2-4.
Figure 2-4: Illustration of exchange difusion mechanism (interstitial-substitutional). Top:
dissociative mechanism. Bottom: kick-out mechanism (after reference [40]).
Diffusion of water in glass was identified in the 1950’s by Moulson [48]. Later in 1978 OH
groups in silica glass optical fibres were observed to modify the numerical aperture and in
general related to worsening of the fibre performance [49]. Diffusion is a complex and widely
investigated mechanism. A particular case of diffusion in silica glass is that of OH ions
15
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commonly referred to as “water” diffusion. The diffusion of water in silica is of particular
interest and relevance for its use in technological applications like optical fibres or planar
waveguides [45]. Hydrolysis is the reaction of water vapour H2Ovapour with the silica surface
or siloxane Si−O−Si. This reaction, shown in equation 2.7, is energetically more favourable
on strained Si−O−Si bonds because the stress reduces the bonding energy [50]. In molten
glass, surface energy (surface tension) is lower compared to vitreous silica and gets covered
by silanol groups (Si−OH) [35, 51–53] very rapidly just after its formation [47].
H2Ovapour+ ≡ Si−O−Si ≡⇄ 2(≡ Si−O−H)glass (2.7)
The “residual valences” of siloxane [35] react with water vapour at room temperature to
form silanol groups. The hydroxylated surface (surface covered with silanol groups) has high
chemical reactivity and its stability depends heavily on OH concentration and on temperature
[54]. Once the water vapour is dissociated on the silica surface the diffusion of OH carries
on.
The fact that the reaction in equation 2.7 has very little change in enthalpy makes the pro-
cess reversible almost entirely by annealing. Dehydroxylation (2 SiOH → Si−O−Si + H2O)
[54] is the process to reduce the OH on the silica surface. OH content in silica glass has been
observed to reduce under annealing treatments [37, 39, 54].
After experimental observations Davis et al. [55] proposed two scenarios to explain water
diffusion in silica determined by temperature and structural relaxation. One assumes high
temperature ( 850◦C) at which silica glass relaxation and reaction occurs rapidly compared
to the time it takes water to diffuse. In this case the diffusion mechanism can be approached
by Doremus model. In this model the molecular water vapour diffuses through silica and
penetrates it until it finds a defect or strained site to react with, forming silanol [56]. The
other is based on Fick’s diffusion model and assumes temperatures <850◦C in which the
relaxation and reaction times are slower compared to the diffusion times limited only by the
diffusion coefficient D, assuming movement of H2O molecules with no reaction.
Solubility and diffusion of water species in silica, namely OH groups, depend on concen-
tration and on the thermal history of the glass [14, 57] (i.e. glass relaxation [55]). Solubility is
inversely proportional to the size of the diffusing molecule [47]. Sudden changes in tempera-
ture can cause defects making OH more readily soluble [6]. Reducing the fictive temperature
will help to reduce the number of sites where OH can bond thus reducing the solubility [58].
Fictive temperature (Tf) is the temperature at which glass forms and depends on how fast
the glass cools down when it forms. Tf is a parameter used to characterise the state of the
glass [6, 41, 59–61].
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2.3.1 OH groups in silica glass
A hydroxyl (OH), which is a substructure of the water molecule, bound to a silicon atom
forms silanol [35], represented as Si−O−H. Silanol groups are commonly referred to as
OH groups only. Silanol groups are an extrinsic type of defect in silica bulk. The transmission
properties of silica fibres are strongly degraded by the presence of OH groups on the silica
surface or in the bulk and observed as abortionist at different wavelengths in the transmission
spectrum.
Using Raman and infrared spectroscopy techniques the fundamental absorption band of
the OH stretching groups in silica glass has been widely studied in silica bulk [62–67]. The
structure of the fundamental and overtone OH-stretching absorption bands, which depend on
the interaction of the hydroxyl with the silica network, have been investigated more recently
by comparing numerical (quantum-mechanical calculations) and experimental work [67]. The
shape of the mentioned absorption band does not depend on OH concentration nor on the
fabrication technique used to obtain the glass [67] in the concentration range from 10−1 ppm
and 103 ppm (parts per million per weight) of OH in silica glass. The OH concentration in
the fibres fabricated for this thesis lies within that range. The OH-stretching fundamental
absorption band in silica is located at 3672 cm−1 ( 2723 nm). It can be decomposed
into different absorption components (Gaussian and Voigt components [67]). The different
absorption bands are identified in the list below according to their interaction with the silica
network and other OH groups. Although the standard units for the spectroscopic absorption
measurements are cm−1 for consistency with this thesis the values of the absorption bands
are also presented in nm:
• Absorption band at 3690 ±2 cm−1 (∼ 2710 nm) corresponds to free OH groups. These
groups do not interact with other OH groups and are only bonded to the silica network
by the oxygen as illustrated in Figure 2-5 denoted as ω0.
• Absorption band at 3660 ±4 cm−1 (∼ 2732 nm) corresponds to OH groups bonded
weakly to a bridging oxygen ω1 (see Figure 2-5) and to hydrogen bonded OH groups
(clusters with no rings) in linear configuration ω3.
• Absorption band at 3630 ±6 cm−1 (∼ 2754 nm) corresponds to OH groups hydrogen
bonded to a bridging oxygen (i.e. ≡Si−O−Si≡) (ω2) and to OH groups (clusters
forming rings) hydrogen bonded in a linear configuration (ω4) as seen in Figure 2-5.
• Absorption band at 3565 ±14 cm−1 (∼ 2805 nm) corresponds to OH groups hydrogen
bonded in a cyclic configuration (in phase or ω5 and out of phase ω6) (see Figure 2-5).
The four components of the fundamental OH-stretching absorption band are found in
different fractions in the glass, and the intensity of the IR absorption for each groups is also
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Figure 2-5: Representation of different OH configurations in silica glass (from reference [67]).
different. Free OH groups are the most abundant whilst the most absorptive OH groups are
those which are hydrogen bonded [67]. Therefore OH concentration is not equivalent to IR
absorption strength, this depends on the type of OH group.
Also for the first OH-stretching overtone centred at 1.38 µm, the absorption band compo-
nents have been identified according to their configuration and interaction with silica. The
component corresponding to the free OH groups is found at 1381 nm. At 1391 nm is the
overtone of the OH groups interacting with other OH groups and at 1412 nm is the overtone
of the OH groups interaction with the silica network [68]. The classification and notation
used to describe OH groups in silica is presented in different forms at slightly different wave-
lengths according to various authors, for the sake of clarity a summary of the suggested
absorption bands for different OH groups configurations is presented in table 2.1.
Name Fundamental Name Fundamental 1st stretching 1st stretching
[67] absorption (nm) [64],[68] absortpion (nm) overtone (nm) overtone (nm)
[67] n=1 [64] n=2 [64] n=2 [68]
ω0 2710 nν˜1(OH) 2710 1377 1381
ω1, ω3 2732 nν˜2(OH) 2728 1385 1391
ω2, ω4 2754 nν˜3(OH) 2766 1385 1412
ω5, ω6 2805 nν˜3(OH) 2849 - -
Table 2.1: Comparisson of absorption wavelengths of OH in silica according to
different authors.
In photonic crystal fibres, apart from the first OH-stretching overtone in silica bulk,
another two absorption bands relating to surface OH (SiOH) have been reported, one at
1364 nm and the other at 1390 nm. The absorption bands correspond to the first overtones
of non-hydrogen bonded OH and hydrogen bonded OH to the silica surface respectively
[69, 70], illustrated in Figure 2-6.
Because the silicon atoms on the silica surface are not in an equidistant arrangement
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Figure 2-6: Illustration of nonhydrogen (i) and hydrogen (ii) bonded OH groups configura-
tions on silica surface (From reference [69]).
(as in a crystal) the OH attached to the surface will be distributed with various distances
to other OH groups. Therefore, the chemical properties and the IR absorption will differ
depending on the configuration of the OH groups formed. Figure 2-7 illustrates different
possible configurations of OH on a silica surface . Configurations F and G have been used
to explain experimental data (related to the identification of different OH groups on silica
surface [35]), although further condensation of the OH groups is possible, which simplifies
the configuration into Si−O−H again.
The number of OH groups in silica particles formed in water is affected by various factors,
one of them depends on the location of the OH in the silica surface [35]. This is illustrated
in Figure 2-8A, “buried” OH distorts the surface and can only be removed by annealing
at high temperatures. In small radii silica particles (<100nm) the OH groups are easier
to remove because they are held farther apart, as illustrated in Figure 2-9a. In large radii
particles (e. g. flat surfaces see Figure 2-9b) OH can form more stable hydrogen bonded
pairs. Dehydration at the contact points of silica particles where there is a negative radii of
curvature, illustrated in Figure 2-9c, is harder.
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Figure 2-7: Representation of different proposed configurations of OH on silica surface. A,
vicinal hydrated, B vicinal anhydridus, C siloxane-dehydrated, D hydroxilated surface, E
isolated, F germinal, G vicinal hydrogen bonded. F and G probably do not exist on a dried
surface (from reference [35]).
Figure 2-8: Representation of different factors that affect OH distribution on silica particle
formed in water (from Reference [35]). A, “buried” OH; B, OH groups just underneath the
surface; C, OH on a small radii particle; and D, on a larger radii particle (from reference
[35]).
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a b c
Figure 2-9: Representation of the effect of silica surface curvature. a) small “positive ”, b)
large radius of curvature, c) small negative radius of curvature (from reference [35]).
2.4 Conclusions
Defects have a great influence on the chemical stability of silica, damaging their mechanical
strength and its transmission characteristics by increasing the absorption at OH related
wavelengths.
Slight changes in the fabrication process (e.g. drawing temperature, drawing tension
or drawing speed) or fabrication conditions (e.g. relative humidity, room temperature or
processing time) of optical fibres including PCF’s modify the structural relaxation of silica,
consequently affecting the solubility and diffusion of water in the silica network.
The effects on the spectral absorption of OH groups in silica depend on the configuration
of such groups and their concentration.
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Chapter 3
Fabrication and loss mechanisms
of photonic crystal fibres
Optical fibre performance has improved since the first “modern” fibres were fabricated [71].
In particular a lot of effort has been put towards the reduction of losses, including the
reduction of Rayleigh scattering and OH content. This has led to the current state of the art
of ultra low loss fibre fabrication [1, 72]. Photonic crystal fibre fabrication techniques have
also evolved. The stack and draw technique, used to obtain the fibres investigated in this
work, is the most common method used to fabricate PCF’s and is described in this chapter.
The different intrinsic and extrinsic loss mechanisms in optical fibres are also introduced in
this chapter.
3.1 Introduction
Conventional optical fibres are dielectric optical waveguides that conduct light by total in-
ternal reflection (TIR) which occurs at the interface between the core and cladding. The
core to which light is confined is the region with higher refractive index (see Figure 3-1).
In photonic crystal fibres [73–76] there are different guiding mechanisms which depend on
the regular micro-structure around the core and on the core material. The layout of such
microstructure radically changes the optical properties of the fibres. Although there are
many types of PCF’s, in general they can be classified as solid core and hollow core fibres.
Most solid core PCF’s consist of one type of glass. Frequently the cladding is formed by a
periodic array of air holes that may form a two-dimensional photonic crystal. The parameters
used to describe the cladding structure are d and Λ, which correspond to the hole diameter
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Figure 3-1: Illustration of a step-index fibre and refractive index profile. On the right is a
representation of the TIR guiding mechanism.
and the pitch respectively, and are illustrated in Figure 3-2. As in conventional step-index
fibres, in solid-core PCF’s the light is guided at the core-cladding interface by (modified)
total internal reflection. The “effective” refractive index of the cladding neff formed by air
and glass is lower than that of the solid pure silica core. A qualitative description of the
effective refractive index was proposed by Birks et al. [77].
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Figure 3-2: Illustration of a solid core PCF and refractive index profile. The pitch Λ, and the
hole diameter d are the parameters that characterise the geometry and guiding properties
of the fibre. On the right is an illustration of the modified TIR guiding mechanism.
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In hollow core PCF’s the guiding mechanism exploits the photonic bandgap effect [78, 79].
In this mechanism light travels in a defect (core) of a two-dimensional photonic crystal
structure (cladding). The design of the cladding defines the range of wavelengths that can
not propagate through the cladding, so that the light at those wavelengths can only propagate
in the air core even though the refractive index of the air is lower than that of the cladding.
3.2 Photonic crystal fibres fabrication
Usually fabrication of PCF’s is divided into two stages: preform fabrication and fibre draw-
ing. There are several preform fabrication techniques like extrusion [80], preform drilling
[81], sol-gel casting [82] and the stack and draw technique [73].
The preform construction in the stack and draw technique consists of building up a
stack of silica glass capillaries and solid rods of ∼1 mm in diameter, usually in a pattern
which resembles a honey comb. The stack is placed inside a silica tube of ∼ 20 mm of
diameter whose dimensions vary according to the design. The inner and outer diameter of
the capillaries determine the amount of glass in the cladding of the fibre as well as the pitch
Λ and hole diameter d illustrated in Figure 3-2. Commonly the ratio d/Λ is used to refer
to the air filling fraction in the cladding of the PCF. The jacketed stack is usually drawn
down into canes of a few millimetres in diameter and 1 m long. To obtain an acceptable fibre
diameter the cane is jacketed into a thick tube. The cross section diameter of the preform,
illustrated in Figure 3-3 is of ∼1 cm and usually 1 m long, the jacketed cane constitutes the
preform.
The first step of the process to draw fibre, canes or preform material (capillaries and
rods) is very similar. The preform (stack, tube or rod) is fed into the furnace of a drawing
tower as illustrated in Figure 3-4 and held from the top by the feed unit, whilst the bottom
end is kept inside the furnace at ∼2000◦C. At this temperature after a few minutes the glass
softens and forms a glob that drops, this part of the processes is known as the “drop off ”.
In this region the preform (tube, rod or stack) diameter reduces to the fibre (capillary, rod
or cane) diameter and it is known as the neck-down region. The canes, capillaries or rods
are pulled by the tractor system and then collected afterwards whilst the feed unit is set to a
speed commonly around 5 mm/min. The fibre is drawn by the winding system and collected.
The thickness is controlled by changing the feed and draw speed. By changing the furnace
temperature the fibre drawing tension is controlled and typical values are around ∼1980◦C.
From the top a pressure line is connected to the preform, as shown in Figure 3-4 to
inflate the hole size by increasing the pressure. To collapse the interstitial spaces left between
capillaries a vacuum line is connected also from the top of the preform. When the preform
is drawn into fibre the whole structure is scaled down to dimensions that vary according to
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the design, with a standard fibre outer diameter being 125 µm.
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Figure 3-3: Representation of the stack and draw PCF fabrication process.
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Figure 3-4: Schematic representation of a drawing tower.
3.3 Loss mechanisms in photonic crystal fibres
Loss in optical fibres is the exponential decay of the power carried by the guided modes along
the fibre length described in equation 3.1 in terms of the input and output powers Pin and
Pout(j) over a fixed length l of fibre:
Pout(j) = Pine
−α(j)l (3.1)
where αj is the power attenuation coefficient and j is the modal index and takes into account
the geometry of the fibre and the spacial distribution of the j-th mode.
Losses in optical fibres are usually classified into two mechanisms, those related to ab-
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sorption and those related to scattering [83]. The sum of these effects are also known as
attenuation.
Absorption is an inelastic process and in silica optical fibres consists of the transforma-
tion of energy carried by the light (electromagnetic wave) into another form of energy like
vibration of the molecules or electrons of the glass. It may be intrinsic to the silica glass,
or due to impurities or to defects (colour centres) created during the fabrication process.
Absorption due to electronic transitions is observed for wavelengths in the ultraviolet region,
at these wavelengths photons carry enough energy to excite bound electrons to higher energy
levels. The molecular vibrational frequency of the glass starts dominating for wavelengths
>1600 nm.
Absorption in silica optical fibres is also determined by the quality and purity of the glass
itself. In the early days of fibre fabrication, transition metals present in the glass fabrication
process were also a source of absorption [83]. Nowadays one of the main sources of impurities
and therefore of absorption in glass is OH. The wavelength range of the transparency window
of silica is coincident with the first (see table 2.1), second, and third OH-stretching overtones
located around 1380 nm, 950 nm and 725 nm respectively [84], hence the interest on reducing
losses in optical fibres due to OH. During glass fabrication OH can diffuse from the preform
tube during the MCVD (modified chemical vapour deposition) process. It can also form
by reaction of the hydrogen contained in the starting materials or present in the gas used
during the glass fabrication process. Another possible source of OH contamination is the
reaction of water vapour present in the atmosphere with the silica surface and its subsequent
diffusion into the bulk glass (as described in Chapter 2). Glass manufacturers nonetheless
have developed new glass fabrication techniques that reduce the OH diffusion further [8].
Finally, another source of absorption is that caused by defects in silica glass also known as
colour centres described in Chapter 2.
In fibres the dominant scattering effect is elastic scattering which occurs when the typical
dimension of the glass fluctuations (e.g. inhomogeneities or bubbles) are smaller than the
wavelength of the incident light, known as Rayleigh scattering. The Rayleigh scattering is
proportional to λ−4 so that for shorter wavelengths the losses due to this mechanism will
be greater. Other source of scattering are the waveguide imperfections due for example to
capillary waves [85] and surface roughness in PCF’s [85, 86]. Of these two, Rayleigh is the
dominant scattering process for optical fibres. Other scattering processes are Raman and
Brillouin [87–90] which are associated with non linear effects in fibres. In the wavelength
range from ∼700 nm to ∼1600 nm, known as the transparency window of silica, the losses
due to absorption (electronic and molecular) and scattering reach their lowest level, and is
widely exploited in a myriad of applications.
In PCF’s confinement and bending loss mechanisms are related to the fibre geometry
27
3.4. Loss measurements
(i.e. cladding design and core diameter). The evanescent field of the guided mode extends
to infinity and in principle it could only be completely confined to the core of a fibre with a
cladding with infinite number of air holes. Although this is not possible, with an adequate
cladding extent confinement losses can be reduced to negligible levels [91–93].
As in conventional fibres bending losses are also present in PCF’s [94, 95]. Bending losses
are observed when the radius of curvature of the coiled or bent fibre is less or equal than a
critical bending radius which depends on the cladding design of the fibre. When the fibre
is bent tightly the fundamental mode couples to higher-order modes that leak out of the
fibre core. Bending losses in PCF’s are closely related to the diameter of the holes around
the core. Mode confinement can be achieved by increasing the air-hole to pitch ratio d/Λ
[94]. If the wavelength λ of the fundamental guided mode is much smaller than Λ the mode
will “spread” on to the neighbouring glass that forms the cladding and will finally escape.
Improvements in PCF’s bending losses have been reported by modifying the cladding holes
configuration [96].
3.4 Loss measurements
According to equation 3.1, in order to calculate the attenuation it would be necessary to
measure the power at the input of the fibre, which is not trivial. The cut-back technique
illustrated in Figure 3-5 avoids this limitation by measuring the output power Pin for a
length of fibre l1, compared to the output power Pout measured over a shorter length l2,
maintaining the input power constant. Then using the expression in equation 3.1, one can
calculate the loss over the remaining piece of fibre with the equation 3.2.
Pin Pout1
OSAl
1
Pin Pout2
OSA
light source
l
2
a1
a2
l
1
> l
2
light source
P Pout2 out> 1
Figure 3-5: Illustration of the cutback technique to measure the attenuation in an optical
fibre.
α = α1 − α2 = −
10
(l1 − l2)
log10
Pin
Pout
(3.2)
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where
α1 = −10(log10
Pout1
Pin
)/l1 α2 = −10(log10
Pout2
Pin
)/l2 (3.3)
α1 and α2 are the transmission measurements (losses) in dBm (the internal reference of the
OSA is 1 mW) obtained from the OSA that correspond to the lengths l1 and l2 (commonly
in km), Pout1 and Pout2 are the output powers in W for the lengths l1 and l2 respectively,
and Pin is the input power from the light source in W.
Some of the disadvantages of the cut-back measurements are that it is a destructive
technique, and that for l1 and (or) l2 . 10 m the power carried over by higher order modes
that are present only for the first few meters of fibre, can bias the measurement in PCF’s. For
the same reason loss measurements in multimode fibres using this method are not accurate.
Another limitation of this technique is that it gives an average estimate of the attenuation
of the fibre and assumes that the attenuation is constant throughout the fibre. An example
of non homogeneous attenuation in fibres is presented in Chapter 5, where the attenuation
of the contaminated ends of the fibres investigated have higher local attenuation than that
of uncontaminated middle section fibre.
Lateral scattering is a technique which detects the scattered power at two different points
of the fibre obtaining the fibre loss in a similar way to the cutback technique. The optical
time domain reflectometer technique (OTDR), insertion loss and joint loss are alternative
non destructive loss measurement techniques [97] used in telecommunication systems .
3.5 Conclusions
Along with the characterisation of other aspects of optical fibres, the analysis of attenuation
contributes to the understanding of the physics underlying these waveguides. A lot of knowl-
edge has also been gained regarding the properties of the materials used for fibre fabrication,
in particular for silica glass, and the effects on the fibre’s transmission of the fabrication
parameters like temperature and tension used during the fibre draw. By understanding the
nature of loss mechanisms in silica PCF’s new materials and fabrication processes can be
engineered to reduce the attenuation in fibre. The interest in reducing losses has been in
great extent motivated by industry but also by the the scientific interest in amorphous solids
properties where silica is often used as a model because of its characteristics and simple
structure.
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Chapter 4
Low OH silica glass photonic
crystal fibres
In this chapter three different fabrication methods to reduce the effects of OH contamination
on the spectral attenuation of solid-core photonic crystal fibres, in particular at 1383 nm,
are investigated and observed. In order to consistently obtain PCF’s with low OH content, a
tight control over the process and parameters used during fabrication is required. Repeata-
bility in fabrication has allowed us to observe the relationship between the fibre spectral
characteristics and the fabrication conditions. To achieve low OH PCF’s the author has im-
plemented some modifications to the standard PCF fabrication process. For the first method
a protecting atmosphere was proposed to protect the silica glass from atmospheric moisture
throughout the fabrication process. The second consisted of reducing the fabrication process-
ing time. The third method consisted of annealing, prior to the fibre draw, a preform already
contaminated by OH. This third method gave the lowest spectral attenuation reported to
date for a 2 µm core diameter SC-PCF fabricated with commercially available glass. The
OH concentration achieved with this method is close to that which is intrinsic to the starting
material. This third method is the most effective fabrication method to consistently obtain
low OH PCF including small-core PCF’s (<2 µm). The strong relationship between the OH
absorption peak at 1383 nm and core size for a range of fibres with different core diameters
was investigated including cores below 2 µm. The rapid growth of the absorption at the first
OH stretching overtone (1383 nm) observed for such core diameters was studied and was
compared to numerical results.
30
4.1. Advances in low loss optical fibres
4.1 Advances in low loss optical fibres
With the advent of data transmission systems based on conventional optical fibres back in
the 1960’s [98], the idea of reducing the losses in optical fibres arose so that such optical
waveguides could be used as part of a practical communication medium [99]. Initially the
goal was to reduce the attenuation to 20 dB/km by minimizing impurities in the material.
The production of high purity glass at the Corning Glass Works had already led to low loss
fibres by doping the core with germanium dioxide and using the chemical vapour deposition
(CVD) method [100]. Bell laboratories developed the modified CVD (MCVD) in 1974 and
managed to lower the attenuation at 1.06 µm to 3 dB/km [101]. In 1976 Nippon Telegraph
and Telephone Public Corporation (now NTT) and Fujikura Cable Works reduced the atten-
uation further by reducing the OH losses, achieving an attenuation of 0.47 dB/km at 1.2 µm
[102]. Later in 1979, by reducing the geometric imperfections in a Ge-doped preform the
loss was 0.2 dB/km at 1550 nm [103].
The attenuation improvements in optical fibres continued motivated by telecommuni-
cations in order to increase the capacity of data transmissions, thereof the importance of
reducing the absorption of the first OH-stretching overtone to maximize the operational
bandwidth, resulting in a lower number of costly systems used to amplify the attenuated
signal in undersea optical fibres. This would increase the data transport capacity in optical
fibres and allowed their use in new laser applications. The attenuation reported in 2000
by Thomas et al. [104] in the range from 1260 nm to 1625 nm was already very close to
the so-called clarity limit (of 0.276 dB/km at 1383 nm and 0.187 dB/km at 1550 nm), in
other words very close to the lowest possible attenuation in silica glass fibres limited by two
intrinsic physical mechanisms: at short wavelengths the Rayleigh scattering and at longer
wavelengths silica molecular absorption. Later at OFS laboratories, hydrogen ageing ef-
fects that caused the OH to increase in Ge doped fibres were investigated; hydrogen present
around the fibres and silica defects (NBOHC and E’ centres) react to form the hydroxyls [2].
The ageing effects were prevented by controlling the fabrication process and materials which
reduced defect centres, counteracting the ageing in fibres by applying a D2 treatment (to
shift the OH absorption at 1383 nm to the OD absorption at longer wavelengths out of the
telecommunications window) and preventing the glass from alkali contamination [105, 106].
Such Ge doped ultra-low attenuation ageing-resistant fibres have been commercially avail-
able since 2007. To reduce further the attenuation in optical fibres it is necessary to reduce
the Rayleigh scattering [107], which was the first approach by Sumitomo Ltd. In 1986 they
achieved 0.154 dB/km at 1570 nm [108], for a pure silica core fibre (PSCF) and by 2002 this
was reduced to 0.1484 dB/km at the same wavelength [72]. More recently, work has been
done to achieve a “water-free” PSCF with fluorine-doped cladding, reported by Yamamoto
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et al. in 2004 [1] with 0.247 dB/km and 0.170 dB/km at 1383 nm and 1550 nm respectively.
In SC-PCF’s, low OH content has become relevant for fibres whose optical performance
is related to 1383 nm absorption band (or OH overtones) such as supercontinuum generation
(SC) [109–114], soliton self-frequency shift (SSFS) [115], and parametric conversion processes
[116] and their applications. HC-PCF’s for instance are currently being considered as a
potential option for long-haul telecommunications to increase the network data transmission
capacity, field in which recent progress has been reported [117].
Soon after the fabrication of the first SC-PCF, the first demonstration of low loss arrived
by Tajima et al. in 2002 [118] reporting 0.8 dB/km at 1383 nm and 0.28dB/km at 1550 nm
for core diameter of ∼12 µm using vapour axial deposition (VAD) to fabricate the glass,
and a dehydration process along with dry conditions during the fibre draw. In 2007 the
same group reported 0.4 dB/km at 1383 nm and 0.18 dB/km at 1550 nm by reducing the
surface imperfection [119]. Although very low attenuation values are reported the fabrication
method is not described in detail and the diameters of the core are not clearly specified. In
2006 an attenuation of 38 dB/km at 1383 nm and 6.9 dB/km 1550 nm was reported for a
2.5 µm core diameter SC-PCF by Monteville et al. [120], achieved by chemically cleaning
the tubes and polishing them finely to reduce OH and general losses. Current commercially
available low-loss SC-PCF of 4.8 µm core diameter hold an attenuation <15 dB/km at
1383 nm (including background absorption) and <2.5 dB/km at 1550 nm and for a 1.8 µm
core diameter <140 dB/km at 1383 nm [121] (including background absorption).
A lot of research on silica glass properties and fabrication techniques has been done
by various research groups around the globe since the first optical fibre and still continues
today. The aim of the work presented in this chapter is to contribute to that work by
making available the findings regarding the fabrication process to obtain consistently low
loss SC-PCF’s by reducing OH final content including for core diameters <2 µm.
4.2 Design and fabrication parameters of low OH and
low loss photonic crystal fibres
The preforms to fabricate the fibres analysed in this thesis were fabricated with the stack and
draw technique [73] described in Chapter 3. The capillaries and rods, to build the stack, as
well as the canes and fibres were drawn using a Heathway optical fibre drawing tower with a
graphite heating furnace. The spectral transmission was measured in the range of 400 nm to
1750 nm using a halogen lamp as a white light source and an optical spectrum analyser (OSA)
to record the spectral transmission. The attenuation of the fibres was characterized using the
cut back technique, performing a transmission measurement first over a long piece of fibre,
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cutting the fibre and subsequently measuring again the transmission over the remainder
piece, keeping the same end of the fibre coupled to the light source as described in section
3.4. For the 5 µm core fibres the initial length l1=300 m and the final length l2=50 m,
for the 2 µm core fibres l1=200 m and the l2= 50 m and for fibres with core diameters
<2 µm l1=150 m and the l2= 50 m. Transmission measurements were carried out three
times for each length, every time cleaving half a centimetre off the end coupled to the OSA.
Transmission data were averaged afterwards in order to obtain the fibre attenuation. The
attenuation α in dB/km was calculated according to the equation 3.2 derived from equation
3.1. The uncertainty of the attenuation obtained for fibres with 5 µm, 2 µm and <2 µm is
respectively ± 2.3 dB/km, ±2.4 dB/km and ±2.6 dB/km.
Every effort was made to maintain all the conditions the same during the fabrication
of identical fibres, nonetheless there are differences in their spectral absorption that can be
attributed to a number of factors including different humidity conditions, differences in the
initial OH content of the starting material (as the core rods were originated from different
starting rods as well as the capillaries derived from different tubes which might have different
contents of OH), and even the changes in the furnace behaviour after replacing graphite
element or the muﬄe tube.
As discussed in section 4.5.3 in some cases the difference in absorption levels observed
at 1383 nm for fibres with the same core diameter is larger than the uncertainty as seen
in Figure 4-14. In principle if the fabrication conditions and materials are identical one
would expect a larger absorption at 1383 nm for a fibre with smaller core diameter than that
observed for a larger core. The notorious difference particularly at the first OH overtone of
the attenuation curves of a 2µm core fibre in Figure 4-14 (annealed preform) and the 2.3 µm
core fibre in Figure 6-4 is probably due to difference in starting material OH content and
certainly due to a difference in the fabrication conditions.
One of the main issues in PCF fabrication is the repeatability, especially of low loss fibres,
hence the aim is to tightly control the whole fabrication process by recording and describing
in detail the steps followed, including feed speed, draw speed, tension and pressure. Relative
humidity (RH%) was monitored during the fabrication process for most of the fibres. The
drawing parameters used to obtain the 5 µm core diameter fibres are presented in table 4.1.
feed speed (mm/min) draw speed (m/min) tension(g) pressure (kPa)
5 32 190 10
Table 4.1: Fibre drawing parameters to obtain 5 µm core diamteter SC-PCF’s.
The design of the PCF’s used in the experiments to reduce OH content consists of a
central rod surrounded by one ring of six capillaries stacked in a jacketing tube with an
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inner diameter of 4.3 mm and an outer diameter of 10 mm shown in Figure 4-1(a). The
preform is drawn into 3 mm canes (Figure 4-1(b)), and to obtain the fibre a cane is jacketed
in a tube with 3.2 mm and 10 mm inner and outer diameter respectively. The diameter of
the fibre and fibre core using this geometry are 125 µm and 5 µm respectively, in Figure
4-1(c) is the SEM picture of a one-ring fibre. The simple design allowed rapid fabrication,
facilitating repeatability of the fibres.
To study the attenuation at 1383 nm in small-core diameter SC-PCF’s from 2 µm down
to 1.2 µm, a different geometry that allowed us to scale down the core diameter was imple-
mented, while maintaining an acceptable fibre outer diameter as presented in Figure 4-2(b).
The design consisted of three rings of air holes and a jacketing tube with dimensions of
15 mm and 9.2 mm corresponding to outer and inner diameter. The stack was drawn into
2 mm canes, and jacketed in a 10 mm × 2.1 mm tube for the fibre draw. Figures 4-2(a),
(b) and (c) show the respective SEM pictures for a cane, a fibre and the cladding region of
a fibre fabricated with this design.
The material used to fabricate the one-ring-structure fibres was synthetic silica glass
Suprasil F300 from Heraeus [8] (for both core rod and capillaries) and for the 3 ring structure
fibre Suprasil F500 was used for rods and capillaries. Both glasses only differ in the OH
content with typical concentrations of 0.2 ppm and 0.02 ppm respectively, the exact OH
concentration of the raw material is not known. No additional chemical drying treatment
(i.e. halogen-based processing) was performed to the glass. A few fibres with three ring
structure were fabricated using F300 glass for capillaries (spectra not shown herein). With
the idea to reduce the attenuation further a clear option was to use F500 glass. One would
expect an improvement in the OH content of the fibres fabricated with F500 glass according
to the specified OH content of the glass. Although there was no obvious reduction in the OH
content of such fibres compared to the fibres fabricated with F300, F500 glass was preferred
for the fabrication for small core fibres (<2µm) as it was already available.
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Figure 4-1: (a) Representation of a stack of 1 ring of capillaries surrounding a solid silica
rod core. (b) SEM picture of 3 mm cane used to obtain low OH PCF’s. (c) SEM picture of
the core and cladding region of a 5 µm core diameter fibre.
( b )( a ) ( c )
Figure 4-2: SEM pictures of (a) a 2 mm cane with 3 ring structure, (b) a 2 µm core diameter
PCF and (c) the core and cladding region of a 2 µm core diameter fibre.
35
4.3. Low OH and low loss photonic crystal fibres fabricated within a protecting
atmosphere
4.3 Low OH and low loss photonic crystal fibres fabri-
cated within a protecting atmosphere
4.3.1 Fabrication process description
The fibres were fabricated in a temperature controlled clean room in which the humidity con-
ditions oscillate during the year according to the weather, increasing particularly in summer
and decreasing in winter. Hence the objective of this experiment was to reduce as much as
possible the contact of the drawn material (i.e. capillaries, rods, stacks and canes) with the
moisture in the air by using a protecting inert atmosphere (N2) during and after fabrication
in order to reduce the final OH content in the fibre.
During the draw a set of in-house fabricated modules shown in Figure 4-3, continuously
purged with N2 to protect the glass from moisture during the draw, were attached to the
drawing tower structure. The first module was placed just below the furnace and above the
diameter laser control, the second between the laser control and the cane pulling belts and
the third was below the pulling belts, so that the modules protected the material just before
collection.
The detailed description of the fibre fabrication process using a protecting atmosphere is
described below.
Preparation
Preparation consisted of the following steps:
1. Place the jacketing tube for the stack inside a new plastic bag or plastic tube previously
adapted to connect a nitrogen line from one end, leaving the opposite end open (to
insert the capillaries later on).
2. Connect the bag to N2 flow making sure that there is flow inside the jacketing tube to
guarantee a protecting atmosphere for the capillaries that will be stacked inside.
3. Place the jacketing tube inside the bag horizontally on a support or stacking rig.
4. Attach the protecting modules to the tower as shown in Figure 4-3.
5. Start N2 flow to purge the modules. Keep N2 flowing during capillaries, rod, and canes
draw.
6. Start up the drawing tower as usual.
36
4.3. Low OH and low loss photonic crystal fibres fabricated within a protecting
atmosphere
7. Wipe the tube and the solid rod with a clean dry cloth just before starting the draw
(no isopropyl alcohol was used). To reduce the possibilities of OH contamination the
tubes were not washed.
Capillary and rod draw process
The process for drawing the capillaries is identical to the standard process except for the N2
flow in the protecting modules during fabrication. The silica tube or solid rod is clamped to
the preform feed unit at the top of the drawing tower before the draw.
Stacking and preform preparation
The design comprising only one ring of air holes and a central rod facilitates stacking directly
into the jacketing tube, as opposed to two steps needed to stack a larger structure. The
capillaries naturally fit forming a hexagonal ring around the core, eliminating the use of the
stacking rig for this design. The use of a stacking rig, although possible, would make the
protecting atmosphere more complex to control. Stacking and jacketing are integrated in
one step.
A total of seven capillaries form the initial structure before the central rod is drawn as
shown in Figure 4-4. The central rod is drawn following the same steps as for the capillary
draw. The central capillary is replaced with the rod by carefully pulling it out from the end
connected to the N2 flow (opening a small hole on the plastic bag and sealing it with tape
afterwards) and simultaneously pushing in the freshly drawn rod from the opposite end.
Cane draw
Whilst being constantly purged with N2 the jacketed stack is prepared to draw the canes
by holding the capillaries with PTFE tape (Teflon tape) and sealing the interstitial spaces
between them with epoxy glue at one end. Once the stack is prepared it is transported
within the protecting bag to the preform feed unit of the tower to clamp it and start the
draw to obtain the canes. During the draw the stack structure is also continuously purged
from the top end with N2. The canes were cut to 1.1 m length and kept inside a clean plastic
tube, also purged using N2.
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Figure 4-3: Pictures of the protecting modules attached to the tower connected to nitrogen
flow, one just below the furnace and above the diameter laser control (top), the second one
between the laser control and the tractor belts (middle) , c) (bottom) the third one was
placed below the pulling bands.
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Fibre draw
Finally to draw the fibre, a cane is placed inside a thick-walled F300 tube (also purged with
N2) to obtain a fibre with acceptable dimensions. The preform is clamped to the preform
feed unit at the top of the tower and purged with N2 prior to the drop off. During the fibre
draw no N2 flow was used in the protecting modules. The vacuum used to collapsed the
jacket on top of the cane was -10 kPa and the pressure used to pressurize the cladding holes
was 20 kPa.
Whilst protecting the drawn material with an inert atmosphere (N2) to minimize OH
presence during fabrication was the initial idea, the design also allowed a fast fabrication
process. In particular to collect and stack in the same step of the process reduces the
fabrication time considerably. Rapid processing was observed to be an important variable
for obtaining low OH PCF’s, and led to a second fabrication method described in section
4.4.
Figure 4-4: 1 ring stack preparation: first step 7 capillaries are stacked (left) then the central
capillary is replaced by a solid rod (right).
4.3.2 Atmospheric control PCF fabrication experiments
Using the protecting atmosphere fabrication method several experiments were performed
and are summarised in Figures 4-5 and 4-6.
All N2 SC-PCF fabrication
As part of a preliminary atmospheric control process the raw material was protected by
keeping it in a bag filled with N2 prior to drawing. After some experiments it was observed
that the spectral attenuation was not affected when the raw silica tubes and rods were
exposed to the laboratory environment, or at least it was not possible to detect changes
in the measured transmission. One can expect that once the raw material is drawn into
capillaries, rods and canes it is more prone to OH contamination (because of the abrupt
change of glass temperature and thermal memory related, effects i.e. Tf, [6, 41, 59–61]) and
its exposure to the draw environment leads to an increase of OH content in the final fibre.
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Moisture was minimized during the fabrication of capillaries, rod and canes in modules
by using N2 and also purging the storing tubes with N2. In Figure 4-5 the observed spectral
attenuation is compared for three different fibres with a 5 µm core diameter. Two of them
were derived from identical canes obtained under the protecting atmosphere, both stored
for one week, one in a N2 atmosphere and the other stored open to air. Both spectra were
compared with that obtained from a control fibre fabricated with the standard process (i.e.
no N2 used during drawn). The cane used to fabricate the control fibre was also exposed for
1 week to atmospheric conditions prior to the fibre draw.
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Figure 4-5: Effects on fibre attenuation using the protecting atmosphere (i.e N2) during
fabrication. Attenuation of fibres fabricated from canes stored for one week in a tube purged
using nitrogen flow (red) and stored open to air (grey) compared to the control fibre fabri-
cated with no protecting atmosphere also stored open to atmosphere (blue).
For this experiment the lowest attenuation corresponds to the fibre fabricated and stored
under a protective N2 atmosphere with an absorption of 16 dB/km at 1383 nm. The atten-
uation of the fibre stored open to atmosphere at 1383 nm was 52 dB/km, the combination
overtone at 1250 nm and the second OH overtone at 950 nm also increased, and the feature
related to a defect centre known as NBOHC (non-bridging oxygen hole centres) at 630 nm
[16, 27, 33] started to appear. The control fibre attenuation curve also shows the 630 nm
absorption peak, an absorption at 1383 nm of more than 100 dB/km, and an increase of at-
tenuation at shorter wavelengths along with a feature altering the attenuation in the region
between 700 nm and 1200 nm.
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Effects on SC-PCF attenuation of stack and canes storing conditions
The attenuation curves presented in Figure 4-6 correspond to two different fibres both fab-
ricated from canes that were drawn using the standard process (no N2 flow used during
fabrication of rods, capillaries and canes). One of the canes was stored for 3 hours in a
tube filled with N2, and the other was left open to air during 1.5 hours. An OH absorption
at 1383 nm of 8 dB/km, the lowest observed for a 5 µm core SC-PCF at this wavelength,
corresponds to the fibre made from the cane stored in N2 atmosphere. The different spectral
features observed for the fibre made from the cane exposed to atmosphere are a higher ab-
sorption at 1383 nm (15 dB/km) and a slight decrease on the general attenuation. A higher
attenuation is expected for the unprotected preform as observed with 15 dB/km that corre-
spond to a concentration of 0.26 ppm of OH (according to Humbach et al. [84]) in contrast
to 8 dB/km equivalent to 0.13 ppm for the protected preform. The results of this experiment
show the importance of a dry processing and storing environment and clearly illustrates the
rapid degradation at 1383 nm in the preform exposed for only 1.5 hours. Besides the effects
of the conditions during fabrication and storage on the spectral attenuation of SC-PCF’s,
another important effect was that of time. Comparing the spectral attenuation from Figs.
4-5 and 4-6 of fibres derived from canes exposed to atmosphere 1 week and 1.5 hours an
increase in the attenuation at 1383 nm is observed for a larger processing time. The effect
of processing time on SC-PCF’s attenuation is explored and discussed in section 4.4.
Atmospheric water present in the fabrication environment reacts with silica glass creating
OH [38] which increases the final concentration of OH groups in the fibres. OH and broken
strained Si−O links are both known to be precursors of defects like the 630 nm absorption
peak (NBOHC) [16, 31, 32]. For the 5 µm core diameter fibres the 630 nm peak only appears
when the absorption at 1383 nm reaches values above 22 dB/km equivalent to 0.36 ppm
(see for example Figure 4-10). During fabrication silica glass changes its configuration and
rearranges [41] creating strains and defects in the material [27, 36], where water vapour can
dissociate and the OH can attach to the silica network [38]. This effect depends on the fictive
temperature (Tf) [6, 41, 59–61].
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Figure 4-6: Attenuation of fibres from canes fabricated with standard process stored under
different conditions. After fabrication cane was stored in N2 during 3 hours before fibre draw
(red curve) the other cane was exposed 90 minutes to atmospheric conditions (blue curve).
4.4 Low OH and low loss PCF by reducing processing
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4.4.1 Fabrication process description
The one ring simple design allowed a very rapid fabrication process which motivated this
investigation into the effect of fabrication time on SC-PCF’s attenuation. Typically the total
time required to fabricate a PCF from start to finish ranges from a couple of days up to a
week for large structures. The time that the material is left exposed to water vapour present
in the laboratory between one stage to the next depends on the design and on the availability
of fabrication facilities. The stacking time required to build up structures comprising a large
number of capillaries, for example a hollow-core bandgap fibre, is considerably longer than
that needed to fabricate one ring cross-section (i.e. six capillaries and a central rod). A
rough estimate for the total fabrication time for a PCF with 8 rings is one week; fabrication
of capillaries and packing rods can take 1 or 2 days, stacking more than 240 capillaries will
take 2 or 3 day, and finally 2 days for canes and fibre fabrication. The standard stacking
process is done in a clean room where no other special precautions are taken to protect the
drawn glass from OH contamination.
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For this experiment the fabrication time was controlled during the multiple stages. The
average time to fabricate a stack with 6 capillaries ring is less than one hour. The fabrication
steps and drawing parameters were the same than those used in the atmospheric control
method except that a protecting atmosphere was not implemented at all in order to observe
the effects on spectral attenuation only due to processing times as shown in Figures 4-7, 4-8,
and 4-9 with different exposure times of the canes to laboratory environment and Figure
4-10 obtained from stacks exposed different amounts of time.
The fabrication process presented in the following section was in fact motivated by the
requirement to create cladding structures of more than one ring. An alternative fabrication
method was necessary to reduce the unavoidable OH contamination whilst fabricating large
stacks.
4.4.2 Time control SC-PCF fabrication experiments
For these experiments the focus was to build up the stacks and fabricate the canes in the
shortest possible time with no special protection from atmospheric moisture and expose
the canes different amounts of time to observe the attenuation dependence in particular at
1383 nm. The time to fabricate each stack and corresponding canes used in this experiments
was approximately 2 hours.
Effect of fabrication delays on PCF attenuation
Two identical canes were exposed to air different amounts of time, 90 minutes and 8 days.
Figure 4-7 shows the attenuation measured for the 5 µm core diameter fibres obtained. The
lowest attenuation corresponds to the fibre fabricated with the shortest delay, whereas the
feature at 630 nm and an attenuation of 56 dB/km at 1383 nm is observed in the fibre derived
from the preform exposed 8 days. Consistently with the observations made in section 4.3.2
the 630 nm absorption band is observed when the attenuation at 1383 nm is larger than
22 dB/km.
In Figure 4-8 the absorption centred at 1383 nm for 4 fibres fabricated with different
delays, derived from the same stack and using the same fabrication process, is presented.
One cane was stored for 90 minutes open to atmosphere, another cane was stored for 4 hours
in a protective atmosphere before fabrication, while a third cane was stored for 1 week in
N2 before being exposed to air for 8 hours before the fibre draw. The fourth cane was left
exposed to air for 8 days. For this second set of fibres the lowest attenuation corresponds
to the fibre with fastest processing, the attenuation increased with delay in fabrication and
consequently the highest attenuation is observed from the fibre obtained from the cane
exposed the longest.
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A comparison of the absorption of fibres derived from canes exposed to air 90 minutes,
18 hours and 7 days, and from a cane stored in nitrogen 3 hours is shown in Figure 4-9.
Despite the fact that one of the canes was exposed to air for only 90 minutes, its attenuation
at 1383 nm is higher than that for fibre derived from a cane stored in N2 for 3 hours which
highlights the importance of humidity conditions during fabrication. On the same figure,
the 630 nm peak is not observable for fibres with OH absorption slightly less than 20 dB/km
whereas for the other two fibres it is. A broad absorption feature observed around 900 nm
seems to be related with higher levels of OH as well as with high attenuation at short
wavelengths.
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Figure 4-7: Time dependence attenuation of fibres obtained from canes stored open to air
during different times, 90 minutes (red curve) and 8 days (blue curve).
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Figure 4-8: Time dependence attenuation at 1383 nm for of 5 µm core diameter PCF’s
obtained from canes exposed to air prior to fibre draw. Attenuation increases as the delay
is longer. Attenuation spectra correspond from bottom to top to canes exposed: 1.5 hours
to air, cane stored 4 hours in N2 atmosphere, stored in nitrogen for 1 week and exposed to
air 8 hours prior fibre draw and finally cane exposed 8 days to air.
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Figure 4-9: Time dependent attenuation of 5 µm core diameter PCF’s at 1383 nm. Atten-
uation increases with the longest exposure time of the cane to air. From bottom to top 90
minutes, 3 hours, 18 hours and 7 days.
Susceptibility to OH contamination for distinct fabrication stages
In a separate experiment a stack was fabricated and exposed to atmospheric conditions (20◦C
and 30 RH%) for 16 days before being drawn into canes. The fibre was obtained immediately
after the canes were drawn. A second fibre was drawn from a cane exposed for one week to
air (20◦C and 40 RH%) drawn just after building the stack.
In Figure 4-10 the attenuation curves for the fibres obtained are presented. The fibre de-
rived from the stack exposed 16 days to air shows lower absorption at 1383 nm (25.8 dB/km)
but higher at 630 nm compared to the fibre derived from a cane exposed 7 days. The higher
absorption at 1383 nm of the latter fibre could be arguably attributed to higher humidity
conditions during the draw, on the other hand, it was exposed less than half the time the
stack was. It appears that defects where OH can form (during the material exposure to air)
are more abundant on cane than on stack stage. The large 1383 nm absorption peak and the
reduced absorption at 630 nm in the fibre derived from the exposed canes seems to be related
to the growth of the broad absorption at 900 nm and to the shorter wavelength absorption
increase. That dynamic is not present in the fibre derived from the exposed stack, so it
seems that the number of defects and OH content are yet not enough to trigger the changes
observed on the other fibre where the 630 nm is reduced but the other spectral features
appear.
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Figure 4-10: Attenuation for 5µm core PCF’s, one derived from a stack exposed to air for
16 days (red curve) and other from a cane exposed for 1 week to air before fibre draw (blue
curve).
Regarding the time control experiments, the lowest attenuation is obtained for the fastest
fabrication turn-around, as seen consistently in Figures 4-7, 4-8 and 4-9. Only a few hours of
exposure to the atmosphere cause there to be a dramatic increase in attenuation at the first
stretching OH overtone in silica. The drawing induced peak appears at 630 nm if there is
a delay in the fabrication process of more than a few hours, the increased absorption below
600 nm and the feature around 900 nm appear also to be related with the increased OH
caused by the delayed fabrication [122].
The results obtained from the atmospheric control and time control experiments reveal
that the final OH content depends on the fabrication laboratory conditions (RH%) and the
delays in fabrication. From the attenuation presented in Figure 4-10 it was observed that
the susceptibility to OH contamination depends also on which fabrication stage is exposed
to atmosphere. Both the stack and cane have inherently different thermal histories and
there is a difference in the diameter of the central rod in the cane and in the stack. The
scaling factor, or draw down ratio (DDR) between the diameter of the original silica rod as
purchased and the core diameter in the cane is 47, and for the core in the stack is 14. The
core diameter in the cane is smaller than the core in the stack stage, and the more the core
diameter is reduced the more strains and broken Si−O bonds are generated in the material
[36] these are more abundant in the cane stage than in the stack which makes the core in
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the cane more prone to OH formation.
4.5 Low OH and low loss PCF’s obtained using anneal-
ing treatment
With the two previous methods, the attenuation for 5 µm core diameter fibres was success-
fully reduced, but for larger stacks (needed to obtain fibres with a core diameter of <2 µm)
the implementation of those methods was not simple, hence the idea to reduce the OH
contamination in SC-PCF’s by annealing arose. For this method the atmospheric control
method was used and added the annealing step just before the fibre draw.
The method was tested first with the one ring structure. For this one ring geometry
the fabrication of the capillaries, rods and canes was done as previously described in the
protecting atmosphere fabrication method. The annealing was carried out prior to drop off,
the preform was passed through the furnace three times while being purged with nitrogen
throughout. The preform was baked along 80 cm length. The temperature was set so that
the pyrometer reading was 1880◦C, while the feeding speed was 40 mm/min. Just before
starting the drop off, N2 flow is stopped to prevent the inflation of the structure. With such
fabrication parameters it was expected to see changes in the spectral attenuation of fibres as
a result of the annealing therefore temperature was chosen to be well above the annealing
temperature of glass and the feed speed was set fast enough so that the structure and
preform did not melt. These parameters were also a good balance between fabrication time
(to allow repeated fabrication) and effectiveness to anneal the NBOHC defects eliminating
the absorption at 630 nm absorption peak as well as reducing the attenuation at 1383 nm
discussed further in this section.
4.5.1 Fabrication process description
1. Follow the preparation steps used in the atmospheric control fabrication process to
draw the capillaries, central rods and canes.
2. Set the furnace temperature to 1880 ◦C.
3. Set feed speed to 40 mm/min for 5 µm core PCF (20 mm/min for 2 µm core PCF).
4. Load the preform into the furnace (15 cm).
5. Start the feeding.
6. Stop after baking 80 cm for 5 µm core PCF and 60cm for 2 µm core PCF.
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7. Retract the preform to the original position in the furnace (15 cm).
8. Repeat 2 more times.
9. At the end of the third round stop the N2 flow.
10. Increase the furnace temperature up to 2100◦C.
11. Start the drop off and draw the fibre as normal.
The feed speed of 40 mm/min was tested on the preforms to obtain core sizes in the
range of diameter of 2 µm and smaller but the results were not satisfactory. The feed
speed of 20 mm/min showed good results. As the preform is bigger and has more glass
and air it needs longer baking time to get sufficiently hot in order to anneal the defects.
After proving the method several times with 5 µm core fibres the method was used to
fabricate 2 µm core diameter fibre. To fabricate the stack with 3 rings as required for the
2 µm core fibres the standard stack and draw technique was used implying that the stacking
process started only after all the capillaries and rods were collected. The central rod and six
capillaries were kept in a tube with nitrogen flow until stacked. The stack was jacketed in a
thick walled tube (25 mm × 13 mm) also enclosed in a bag with N2 flow. The baking was
carried out over 60 cm of the preform at 20 mm/min. The following day the preform was
drawn into 2 mm canes that were stored in a plastic tube continuously purged with N2 flow.
The total fabrication taken time to build up the stack was 7 hours and the room conditions
during the process were 20◦C and 26 RH%.
4.5.2 Experiments using the annealing method
All the preforms used in these experiments were annealed as described previously in the
annealing fabrication process.
Low OH 5 µm core diameter PCF by annealing preform
The annealing method was first performed to fabricate 5 µm core diameter fibres. Two
identical canes from the stack exposed for 16 days were used to built the preforms used to
obtain the control fibre and the fibre fabricated with the annealing process. In Figure 4-11
their spectral attenuation is shown. The lowest attenuation corresponds to the fibre derived
from the annealed preform observing a reduced absorption at 1383 nm of 15 dB/km and
the 630 nm is eliminated. When the preform is annealed the drawing induced defects and
shear stresses in the core caused by the draw are relieved reducing the absorption at 630 nm
and 1383 nm respectively, the number of defect points is reduced as a consequence of the
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silica glass relaxation and therefore the OH formation and the subsequent absorption in final
fibre is also reduced. In contrast, the fibre derived from the control preform (formed with
the control cane), in its attenuation spectrum the absorption of the drawing induced defect
(35 dB/km) is observed along with a larger absorption at 1383 nm of 25 dB/km.
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Figure 4-11: Spectral attenuation for 5 µm core PCF’s, the blue curve corresponds to that
of the control fibre fabricated with no special treatment to reduce OH content and the red
curve to that of the fibre obtained after preform annealing.
Low OH 2 µm core diameter SC-PCF by annealing preform
For this experiment a stack with 3 rings of air holes was drawn into canes. The spectra
shown in Figure 4-12 correspond to 2 µm core diameter SC-PCF drawn from two identical
canes derived from the same stack. Again the lowest attenuation curve is that of fibre
derived from a treated preform. In the spectrum of the control fibre (fabricated with no
special treatment) a very high absorption is observed at 1383 nm of more than 100 dB/km,
and it is also possible to observe the absorption peak at 630 nm (34 dB/km) and increased
absorption for wavelengths 600 nm. An increased background absorption is expected as the
core diameter of the fibre decreases because of the surface per unit of volume in small-core
fibres is larger. Also a complex relaxation process of the silica glass network which involves
fictive temperature Tf [36] affects the Rayleigh scattering [107], being that the higher Tf
the lower the relaxation and consequently more absorption. The Tf for smaller core fibres is
higher [60] because they cool down faster leading to a higher attenuation too.
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Figure 4-12: Spectral attenuation for 2µm core PCF’s, the blue curve corresponds to that
of the control fibre fabricated with no special treatment to reduce OH content, and the red
curve to that of the fibre obtained after preform annealing.
4.5.3 SC-PCF Fabrication for high humidity conditions
A second stack with 3 rings was drawn following the same fabrication process as before
but the attenuation observed (not shown) was extremely high, the relative humidity in the
fabrication room was 60 RH% (much higher than for the previous stack) and a temperature
of 20◦C. Still under high humidity (60 RH%) the fabrication of a third stack with 3 rings
was carried out implementing the protecting atmosphere, fast fabrication and annealing
fabrication methods. To perform the fast stacking, some modifications were done and are
listed below.
Preparation
The rig to stack the capillaries, consists of a fixed base of stainless steel and 4 movable steel
supports that can be adjusted to the size of the stack.
1. Set the first 2 supports of the stacking to a separation of 7.3 mm (see Figure 4-13)
2. Place an anti-static bar and N2 flow above the stacking rig
3. Prepare a plastic tube with nitrogen flowing through it to store the central rod
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Stack fabrication
1. Draw all the packing rods
2. Draw the central rod (normally a few were drawn in case of accidental breakage)
3. Keep the rod protected from moisture inside the plastic tube with nitrogen flowing in
it
4. Draw capillaries and stack immediately after being collected
5. To form the first half of the three ring structure four rows are stacked (21 capillaries)
and then central rod is put in place as depicted in Figure 4-13.
6. The upper stacking supports are added to maintain the stack shape
7. Continue to collect and stack the remaining capillaries until the structure is finished
Cane fabrication
1. Jacket the stacked structure immediately after finishing it. Previously using a glass
cutter a slot was made at 8 cm from the end of the jacketing tube, the slot will be used
to connect the vacuum afterwards.
2. Connect N2 flow at one end of the preform through a nitrile glove attached to the
preform at one end with PTFE tape.
3. Place the packing rods in place from the open end
4. The capillaries and packers are hold using PTFE tape so that they don’t fall when the
stack is set in vertical position.
5. Similarly to the cane preparation described in section 4.3.1 epoxy glue is used to seal
the interstitial spaces between capillaries.
6. Brass fittings are placed at the end of the stack to connect vacuum and pressure lines
to the stack in order to collapse the interstitial holes and to inflate, if necessary, the
holes to maintain the shape.
7. The stack is taken to the tower in order to make the drop off
8. Draw canes
9. Put one cane into a jacketing tube also purged with N2 immediately after being drawn.
10. Collect and store the other canes plastic tube purged with N2
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Fibre fabrication
1. Place the brass fittings at one end of the preform to connect the vacuum and pressure
lines.
2. Prior to drop off N2 is constantly flowing through the preform
3. Follow the annealing process
4. Do the drop off and draw fibre
Stacking supports
7.3 mm
2
1
1
3 4
2
Figure 4-13: 3 ring stack preparation for high RH% conditions: on the stacking rig 21 capil-
laries were first placed and then the central rod, and subsequently the remaining capillaries
were added to form the stack. The stack was jacketed in a thick tube, finally the packing
rods were inserted whilst keeping N2 flowing through the stack.
Low OH small-core PCF and high relative humidity
A 2 µm core fibre derived from the stack fabricated under high RH% combining the protecting
atmosphere fast stacking and annealing methods. The attenuation of the 2 µm core fibre
derived from annealed preform (experiment in section 4.5.2) is compared to that of the fibre
derived from the cane obtained under high humidity in Figure 4-14.
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Even under high humidity conditions it was possible to obtain a fibre with reasonably
low OH with an absorption at 1383 nm of less than 20 dB/km still higher than 10 dB/km
obtained for the fibre fabricated under low humidity conditions. The attenuation at shorter
wavelengths is larger for the first fibre and the shape of the spectrum is unusual and was not
observed in any other fibres.
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Figure 4-14: Spectral attenuation for 2µm core diameter PCF’s. The curve showing a higher
attenuation (blue line) corresponds to the fibre derived from stack and canes fabricated under
high relative humidity (60 RH%) combining the protecting atmosphere, fast stacking and
annealing methods whereas the other spectrum corresponds to a fibre drawn from stack and
canes fabricated with only 26 RH% using only the annealing method.
Despite core diameter is the same in both fibres, the OH absorption observed at 1383 nm
is different, on the red curve it is 10 dB/km whereas the height corresponding to the other
fibre is roughly 20 dB/km. Thus taking into account the uncertainty (2.4 dB/km) in the
best case the difference of OH levels between those two fibres would be 5.2 dB/km which is
not exaggeratedly different but no insignificant. In this case the fabrication conditions were
clearly different (i.e. higher RH%).
4.5.4 SC-PCF attenuation dependence on core diameter
To fabricate PCF’s with core diameters ranging from 1.2 to 2 µm the cladding geometry was
formed by three rings, and to obtain the fibres with core diameter >2 µm (4 µm, 4.5 µm and
6 µm) the cladding was formed by one ring. Figure 4-15 shows the spectral attenuation of the
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fibres obtained. Four of the curves presented correspond to the PCF’s with core diameters
of 2 µm, 1.5 µm, 1.4 µm and 1.2 µm drawn from a single cane during the same fibre draw in
that order. The feed speed and temperature settings were changed when reducing the core
size of the fibres to avoid fibre break. For fibres with core diameter of 2.0 µm and above
the tension (190 g) and draw speed (32 m/min) were kept very similar, to avoid fibre break
the tension in fibres with diameters below 2.0 µm was reduced to 140 g and the draw speed
42 m/min. Both preforms were annealed prior to fibre draw, RH% during fibre draw was
35% and 27% for cores with diameters >2 µm and <2 µm respectively. The attenuation
observed for the series of fibres used in this experiment increases for the fibres with smaller
core diameters. As expected confinement losses are observed from 1500 nm in Figure 4-15 for
the 1.2 µm core fibre, because the wavelengths is comparable and even larger than the core
diameter and a significant part of the mode is not confined to core coupling to the cladding
modes scattering out the fibre.
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Figure 4-15: Spectral attenuation of low OH PCF with different core sizes derived from
annealed preforms. From top to bottom: 1.2 µm, 1.4 µm, 1.5 µm, 2 µm, and 6 µm core
diameter.
Investigation on the attenuation dependence on core diameter
The attenuation observed for fibres as a function of core diameter is presented in Figure
4-15, and in Figure 4-16 the magnitudes of the background and OH absorption at 1383 nm
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are presented. The attenuation at 1383 nm for fibres of core diameters >2 µm maintains
an almost constant level of approximately 20 dB/km, showing a rapid increase for core
diameters <2 µm to values above 100 dB/km, while in the background scattering loss is also
observed to increase more rapidly for core diameters <2 µm. For the 1.2 µm core diameter
fibre confinement losses are clearly observed above 1500 nm.
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Figure 4-16: Magnitude of spectral attenuation measured at 1383 nm increases dramatically
for fibres with a core size below 2 µm. The background loss component due to scattering also
increases for small-core sizes and follows the behaviour of the ratio of volume area increase
which is expected.
Three possibilities were considered to explain such growth in the absorption at 1383 nm
for core diameters <2 µm. Surface scattering causes a generalized increase in attenuation
and increases as core size decreases [85] but this does not explain the dramatic increase of
attenuation at the OH overtone. The second possibility is the generation of more lattice
defects associated with the damage of the silica network as a consequence of reducing the
core of the fibre. That would facilitate the creation of sites where OH can bond and diffuse
by vacancy hopping or interstitial mechanisms [40, 42]. Such defects can be expected to
increase if the same size preform is drawn to a smaller final fibre as in the experiments
performed. A third option to explain the increased attenuation for small-core fibres is the
diffusion of contaminants (H or OH) on the surface a short absolute distance into the core
during the fibre draw. For large cores the contaminated area would represent only a small
fraction of the total area whereas for a small-core fibre the same diffusion length represents
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a greater percentage of the total area contaminated by OH. Therefore the overlap of the
fundamental guided mode with the contaminated walls of a large core is limited and small
compared to the overlap of the fundamental mode guided in a small-core fibre with the
same degree of OH contamination. The power of the fundamental mode as a function of
distance from the core surface was calculated numerically using the finite element method
(FEM). The calculations were performed for a circular strand of pure silica surrounded by
air which is a good approximation to the highly non-linear PCF’s used experimentally. The
core geometry was modelled as a silica rod surrounded by a ring of OH doped silica, where
the diffusion length of OH into the silica core is the ring thickness. To investigate the
influence and changes on the total power of the OH contaminated region the ratio (Pratio)
between the power of the mode that overlaps with the contaminated ring (Pring) and the
total power of the mode (Ptotal) was calculated for different diffusion lengths and different
core diameters, being Pratio = Pring/Ptotal. The plots of this ratio are presented in Figure
4-17. The conjectured diffusion lengths used ranged from 0.10 µm to 0.80 µm and the core
diameters from 1 µm to 6 µm.
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Figure 4-17: Ratio between the power of the fundamental mode contained within a diffusion
ring starting at the core surface and the total power of the guided mode as a function of core
diameter represented by by Pratio). Each curve is calculated for diffusion lengths ranging
from 0.1 µm to 0.8 µm for core diameters ranging from 1 µm to 6 µm. Curves do not go to
unity because some of the total power resides outside the core
There is an increasing trend of Pratio with decreasing core observed for core diameters
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<2 µm in Figure 4-17 but is not enough to explain the observations from experiments as
presented in Figure 4-16.
The observed correlation between the appearance of the 630 nm absorption band and
an increased absorption at 1383 nm suggests that an increased number of lattice defect
sites is generated in smaller-core fibres, which could explain the strong dependence on the
attenuation at 1383 nm for small-core diameter fibres. The concentration of OH in silica is
related to the absorption strength at 1383 nm [84], and as observed for small-core fibres the
attenuation corresponds to a higher OH concentration to that specified in the raw materials.
So it appears likely that the extra OH contamination is due to extrinsic OH diffusing from
the surfaces of the silica into the bulk medium by diverse mechanisms [40, 42] (see 2.3), if
the OH groups are assumed to bond in the same way for large and small cores.
Silica properties are determined to a great extent by the reaction of water vapour with
the material defects. Extensive research about the interaction of OH groups and silica fibres
has been done [62, 123], identifying different absorption wavelengths that depend on the
chemical bonding of OH with silica. The fundamental OH absorption band is commonly
decomposed into four Voigtian components [63, 66, 67, 124] which relate to OH groups
bonded to silica in distinct manners. The different configurations identified are: hydrogen
bonded (linear or cyclic configuration) or non-hydrogen bonded (free OH and weakly bonded
to a bridging oxygen) [67] which absorb at different wavelengths. The concentration of OH in
silica is not equivalent to IR absorption, because there are different concentrations for each
configuration and a particular absorption intensity and wavelength is associated to each type.
The probability of the light interacting with OH (i.e. being absorbed) depends on the OH
group itself which has an associated concentration in the glass. If by reducing the core size
the most absorptive OH group becomes more abundant, (i.e. hydrogen bonded OH groups),
and at the same time the amount of the less absorptive OH groups (free OH for example)
is reduced [36], that would explain the dramatic increase of the absorption at the first OH
overtone for small-core fibres. Research related to intrinsic formation of OH in silica under
thermal treatments is proposed [125] that could also contribute to the final levels of OH
in the fibres, but that was not investigated in the experiments carried out by the author.
The high absorption in small-core fibres at 1383 nm is worthy of further investigation to
understand more fully the mechanisms of losses in silica fibres that could lead to further loss
reduction in small-core PCF’s.
4.6 Conclusions
With the atmospheric control method the attenuation was reduced for 5 µm core diameter
fibres to 8.6 dB/km at 1383 nm corresponding to an OH concentration of 0.14 ppm and
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1.5 dB/km of background absorption. The implementation of this method for large cladding
structures to obtain small cores is impractical. By means of the time control fabrication
process it was demonstrated the importance of exposure of drawn material to laboratory
environment, as the lowest attenuation was achieved by the fastest fabrication turn around.
The annealing method was shown to effectively reduce OH absorption in PCF’s derived
from OH contaminated canes. It is simple to implement, with no extra chemical dehydration
or etching. The annealing method is the only method that was found to obtain low loss
fibres with core diameters <2 µm. In this work the author reported a 2 µm core SC-PCF
with 11.6 dB/km of OH absorption (corresponding to 0.19 ppm of OH) and 7.6 dB/km of
background absorption at 1383 nm.
Although sometimes the variations on the OH content measured for the SC-PCF’s exceed
the uncertainty (see Figure 4-14), the conclusions drew from the spectral attenuation of the
fibres obtained from the experiments described in this thesis (using different fabrication
methods) are nevertheless consistent, i.e. the 630 nm absorption peak was observed only
when the absorption at 1383 nm was was above 22 dB/km.
Regarding the strong dependence of attenuation on core diameter, the dramatic attenua-
tion increase observed for fibres with core sizes below 2 µm at 1383 nm can not be attributed
solely to the losses due to the overlap of the fundamental mode with the OH contaminated
core walls. Future work to investigate the underlying mechanism of the huge absorption
increase at the first OH stretching overtone is worthy and the author foresees two possible
directions. One is the intrinsic generation of OH during thermal treatments [125] and the
other the growth of concentration of specific OH configurations like the OH group hydrogen
bonded in cyclic configuration whose absorption is many times that of free OH groups [67],
which could give place to the dramatic raise in the absorption at 1383 nm. It would be
interesting to establish whether it is possible to fabricate very low loss small-core PCF’s.
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Chapter 5
Attenuation degradation of
unsealed photonic crystal fibres
caused by OH with time
The holes that run along the length of PCF’s to form both a photonic crystal cladding or a
hollow core are essential for their performance and advantageous for a range of uses includ-
ing guiding light in air [79], particle guidance [126], or sensing applications [127–133]. It is
precisely the hollow nature of these fibres that makes them prone to contamination and to
subsequent degradation of their performance, particularly at OH related wavelengths. This
can potentially impact PCF’s applications which require low attenuation like CW supercon-
tinuum generation [111] or soliton self-frequency shift (SSFS) [115]. Also mechanical failure
observed in standard optical fibres is associated with corrosion caused by OH diffusion and
formation [15]. PCF’s used in laboratories for experimental work are commonly not pro-
tected from environmental contamination (i.e. water vapour), causing degradation of their
performance particularly at 1364 nm and 1383 nm, which are related to the surface OH [69]
and the first OH stretching overtone [64] respectively. Such degradation was in fact observed
to affect the performance of the fibres used in the experiments related to SSFS described in
Chapter 6 which motivated the investigation of PCF’s time-dependent degradation caused
by OH contamination [134] presented in this chapter.
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5.1 Fabrication of PCF’s for degradation experiments
To perform the series of experiments regarding the degradation of fibres, three solid-core
PCF’s (SC-PCF’s), were specially fabricated with low OH content using the annealing fab-
rication method [37] described in Chapter 4, named A, B and C of 1.3 µm, 2.26 µm and
5.2 µm core diameter respectively. A hollow core PCF (HC-PCF) named fibre D fabricated
with the low-loss transmission window centred at 1365 nm, the fibre was derived from a
cane provided by Dr. B. J. Mangan. The spectral attenuation of all fibres shown in Figs.
5-1 and 5-2 was measured just after fibre fabrication using a tungsten lamp as white light
source and an optical spectrum analyser (OSA). SEM pictures of the fibres are shown in
Figure 5-3. The drawing fabrication parameters, and the core and cladding holes diameters
are presented in table 5.1.
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Figure 5-1: Spectral attenuation of the SC-PCF’s with core diameters of 1.3 µm, 2.26 µm
and 5.2 µm used in the fibre degradation experiments.
fibre type cladding hole core tension (g) DDR
diameter (µm) diameter (µm)
A SC − PCF 1.16 1.3 142 15384.61
B SC − PCF 1.8 2.26 190 8810.57
C SC − PCF 9.44 5.2 180 3846.15
D HC − PCF 3.4 10.03 162 N/A
DDR= Draw down ratio
Table 5.1: Fibre drawing parameters
As observed in Figure 5-1 the spectral attenuation for the small-core diameter fibres
61
5.1. Fabrication of PCF’s for degradation experiments
1250 1300 1350 1400 1450
0
50
100
150
wavelength (nm)
at
te
nu
at
io
n 
(dB
/km
)
Figure 5-2: Spectral attenuation of the HC-PCF used in the fibre degradation experiments.
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Figure 5-3: SEM pictures of the fibres used for the experiments. (a) 1.3 µm (fibre A), (b)
2.26 µm (fibre B), (c) 5.2 µm core diameter (fibre C) SC-PCF and (d) HC-PCF (fibre D).
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(1.3 µm and 2.26 µm) is higher than that for the 5 µm core. In the spectrum from the
1.3 µm core diameter fibre an increased background scattering is observed and on the long
wavelength range above 1450 nm the confinement losses [91–93] start to appear evident, the
wavelength is longer than the core size so the light is not strongly confined. Because of
the bandgap guiding mechanism the attenuation for the HC-PCF is observed in a narrower
wavelength range (see Figure 5-2) than the observed for the SC-PCF’s.
5.2 Time-dependent degradation of PCF’s attenuation
The experiments carried out to investigate the effects of atmospheric exposure on the SC-
PCF’s and HC-PCF consisted of regularly measuring the transmission of the fibres exposed
to laboratory conditions with unprotected ends over a minimum of 24 weeks [134]. The
measurements were performed in the range from 1350 nm to 1450 nm using a fibre based
supercontinuum as white light source coupled to the core of the fibre under test and recording
its spectral transmission with an OSA. The spectrum from a tungsten lamp is flat in the
region of interest thus spectrally neutral and convenient when analysing the transmission
data. However a source with higher intensity was required to spectrally resolve the features
at 1364 nm and 1383 nm for fibres A and B with core diameters of 1.3 µm and 2.26 µm
respectively, hence the use of a supercontinuum source. The fibre lengths used to monitor
the changes were 25 m for fibres A and B, 30 m for fibre C and 50 m for fibre D. The lengths
were chosen so that the absorption at 1364 nm and 1383 nm could be measured since the first
measurement, the length was short enough so that it would allow to measure the evolution
even if the peak increased. Longer lengths would have resulted in weak and noisy signal.
5.2.1 SC-PCF’s transmission degradation with time
In Figs. 5-4, 5-5, 5-6 and 5-7 the transmission measurements taken over time for fibres A, B,
C and D respectively are presented. The spectrum of the SC source was recorded for each
measurement, an example is illustrated in Figure 5-8b. The data represented in the fore
mentioned figures is already corrected i.e. the corresponding SC spectrum was subtracted as
explained in section 5.2.2. The curves were made to coincide at 1350 nm at this wavelength
the spectra did not change much when coupling the supercontinuum source to the fibre core
for each measurement, the transmission changes at the wavelengths of interest are easier to
note. One possible reason for the difference in the transmission spectra at long wavelengths
might be the result of coupling the light into slightly different position of the fibre core. The
fluctuations seen in Figure 5-7 are due to H2O vapour present in laboratory.
The absorption strength at 1364 nm, 1383 nm and 1398 nm visibly increased for all fibres
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Figure 5-4: Transmission observed over 26 weeks on the 1.3 µm diameter fibre where the
non conventional absorption peak located at 1398 nm dominates . The top curve (dark blue)
is the transmission measured on day 0, the curve in the lightest blue corresponds to that
measured on week 26.
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Figure 5-5: Transmission observed over 26 weeks on the 2.26 µm diameter fibre. The top
curve (dark blue) is the transmission measured on day 0, the curve in the lightest blue
corresponds to that measured on week 26.
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Figure 5-6: Transmission observed over 24 weeks on the 5.2 µm diameter fibre. The top curve
(dark blue) is the transmission measured on day 0, the curve in the lightest blue corresponds
to that measured on week 24.
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Figure 5-7: Transmission observed over 28 weeks on the HC-PCF. The top curve (dark blue)
is the transmission measured on day 0, the curve in the lightest blue corresponds to that
measured on week 28.
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after their exposure to laboratory conditions over 24 weeks. To obtain the strength of such
absorption bands the data were analysed as described in the next section.
5.2.2 Time-dependent absorption strength at 1364 nm, 1383 nm
and 1398 nm
For all the fibres the recorded transmission data included the spectral contribution of the
supercontinuum source. So as to extract the information related only to the fibre under test,
the spectral contribution of the light source from the transmission measurements was elimi-
nated by dividing the raw transmission data by the corresponding supercontinuum spectra,
obtaining sets of clean transmission data. An example of the raw data, a supercontinuum
spectra and clean transmission data is illustrated in Figure 5-8. Using the sets of clean trans-
mission data the absorption strengths were calculated relative to a reference point defined at
a nearby wavelength. In the case of the surface OH absorption band at 1364 nm the reference
point was the value at 1364 nm of the straight line calculated to join the transmission points
at 1360 nm and 1370 nm as illustrated in Figure 5-9. Also illustrated in Figure 5-9 is the
reference point used to calculate the absorption strength at 1383 nm and 1398 nm, which
was the value of the transmission at 1350 nm of the clean transmission data. The absorp-
tion strength is the difference between the transmission value at the reference point and the
measured value at a particular wavelength which in this case were 1364 nm, 1383 nm, and
1398 nm.
The values of the absorption strength, as seen in Figs 5-10, 5-11, and 5-12, correspond
to the growth of the absorption with time at 1364 nm, 1383 nm, and 1398 nm respectively,
and are referenced to the absorption initially measured so that for time zero (when the fibre
was initially exposed to atmosphere) the growth of the absorption is zero.
As seen in the transmission and growth absorption Figures (Figs. 5-4, 5-5, 5-6, and 5-7
and in Figs. 5-10, 5-11 and 5-12 respectively) the absorption at 1364 nm, 1383 nm and
1398 nm increased with time for all fibres. Due to practical reasons the transmission data
points for fibres A and C were obtained in each case from two identical fibres resulting in a
break in the curves but no real change in trend. The absorption of the smallest core fibre
(1.3 µm diameter) shows the largest growth during the exposure time for all the wavelengths
observed. Compared to the 1383 nm and 1398 nm peaks the growth of the surface OH
absorption peak is modest. The broad absorption feature centred at 1398 nm, which to the
knowledge of the author has not been reported before, was observed to become stronger with
time, developing faster and more strongly in the case of 1.3 µm core fibre appearing after
only 2 weeks of exposure. Although not as strong it is also observed in the 2.26 µm core
fibre, and for the 5 µm core fibre this broad feature appears more clearly after week 20. As
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Figure 5-8: Example of transmission spectra from 1350 nm to 1450 nm of (a) the experimental
data including the contribution of supercontinuum (raw data), (b) supercontinuum only and
(c) the experimental data without the contribution of supercontinuum (clean data).
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Figure 5-9: Illustration of the reference points used to calculate the absorption strengths at
1364 nm, 1383 nm and 1398 nm.
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Figure 5-10: Growth of the absorption at 1364 nm with time for different core sizes 1.3 µm
(circles), 2.26 µm (diamonds), 5.2 µm (triangles), and HC-PCF (squares).
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Figure 5-11: Growth of the absorption at 1383 nm with time for different core sizes 1.3 µm
(circles), 2.26 µm (diamonds), 5.2 µm (triangles), and HC-PCF (squares).
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Figure 5-12: Growth of the absorption at 1398 nm with time for different core sizes 1.3 µm
(circles), 2.26 µm (diamonds), 5.2 µm (triangles), and HC-PCF (squares).
the HC-PCF has virtually no bulk silica glass the increased absorption at 1383 nm is most
probably related to the tail of the broad band absorption at 1398 nm. Because the broad
feature also appears in fibre D the author of this thesis speculates that the absorption at
1398 nm is related to an interaction of the silica surface and OH (given that silica bulk in
HC-PCF’s is practically non-existent).
In silica fibres the concentration of defect sites (which depends on drawing temperature,
drawing speed and fibre diameter) also called E′ centres is larger on the surface than in the
centre of the fibre according to Hanafusa et al. [27] and Yin et al. [29]. The fibre core
geometry can be described as a cylinder in which the surface to volume relation is 2/r where
r is the core radius. This implies that for a fixed volume of silica glass, as r gets smaller
more of that material is on the core surface. This is particularly relevant for the degradation
of small SC-PCF’s in that there is larger surface per unit of volume where defects form and
therefore the core is more prone to degradation, matching the observed fast degradation.
The number of defects is also related to the thermal history of the preform so that the
number of defects is higher for higher values of fictive temperature Tf [123]. During the
draw of the different fibres the tension, temperature and drawing speed were very similar,
as opposed to the large difference between the DDR’s (draw down ratio) (table 5.1) of the
different fibres in particular between fibre A and C. The DDR is the scaling factor between
the original rod diameter and the final core diameter in the fibre. Fibres A and B were
derived from a preform with a diameter larger than the diameter of the preform to fabricate
fibre C. Therefore in order to obtain a small-core diameter and an acceptable fibre diameter
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for fibres A and B a larger DDR is required compared to that used to scale down the preform
to obtain fibre C (see table 5.1). This implies a different thermal history and consequently
different Tf which ultimately defines the degree of susceptibility to OH contamination in the
fibres.
Mobility and abundance of OH is closely related to site defects in the silica network (i.e.
broken Si−O bonds), therefore the degradation observed in Figs. 5-4, 5-5, 5-6, and 5-7 is
directly related to the defect centres on the silica surface determined by the Tf . In summary
the more defects sites on the silica core surface the more OH formation is possible and its
subsequent diffusion to the silica bulk is reflected in the absorption growth at OH related
wavelengths in silica fibres.
5.3 Localization of PCF’s degradation due to OH con-
tamination
The degradation observed for all fibres, expressed as an increased absorption at OH related
wavelengths and as a generalized increased absorption, was hypothesized to originate at the
fibre ends contaminated with OH after being exposed to laboratory conditions. Therefore, to
determine the degradation dependence on the length of the contaminated fibre ends cut-back
transmission measurements were performed on the same fibres used in the time-dependent
experiments [134] described in section 5.2.
5.3.1 Cutback transmission measurements for the PCF’s contami-
nated ends
The supercontinuum light source was coupled into the core at one of the fibre ends, and
transmission was measured. Next, a short length of fibre was removed from the output end,
and the transmission measured through the remainder. This cutback transmission measure-
ment procedure was repeated until no change was observed in the spectrum. Subsequently
the fibre ends were exchanged so that the light was coupled into the core of the recently
cleaved fibre end and the still contaminated end connected to the OSA to measure the spec-
trum. The procedure described above was followed, removing a short length and measuring
the transmission until the spectrum did not change.
In Figs. 5-13, 5-14, 5-15 and 5-16 the clean transmission measured for different lengths
is presented for the 1.3 µm, 2.26 µm, 5.2 µm core diameter (SC-PCF’s) and the HC-PCF
respectively, the lengths used are labelled on the corresponding figures. Also respectively the
fibres were exposed for 26 weeks and 4 days, 26 weeks and 5 days, 24 weeks and 28 weeks.
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Figure 5-13: Cut back transmission measurements of the 1.3 µm core fibre for different
lengths. Starting from 25 m (bottom) to 21.5 m on one end, and from 18.5 m to 16.5 m
(top) on the other end. The data files corresponding to the fibre length between 21.5 m to
19 m were damaged so no transmission data is available at those lengths.
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Figure 5-14: Cut back transmission measurements of the 2.26 µm core fibre for different
lengths. Starting from 25 m (bottom) to 21.5 m on one end, and from 21.5 m to 18 m (top)
on the other end.
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Figure 5-15: Cut back transmission measurements of the 5.2 µm core fibre for different
lengths. Starting from 35 m (bottom) to 31 m on one end, and from 31 m to 28 m (top) on
the other end.
Comparing the cutback transmission measurements shown in Figure 5-17 it is observed
a relationship of the absorption peak situated at 1900 nm with the absorption bands at
1364 nm, 1383 nm and 1398 nm. As the contaminated ends were removed, the long wave-
length absorption peak as well as the peaks at 1364 nm 1383nm and 1398 nm were reduced
to the original levels. An absorption band located at 1894 nm, that corresponds to stretching
mode of OH and the second SiO4 vibration mode (ν3+2ν1), was reported for silica fibres by
Humbachh et al. [84] but the separation of such vibration modes can not be identified in
our observations.
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Figure 5-16: Cut back transmission measurements of the HC-PCF for different lengths.
Starting from 50 m (bottom) to 46.5 m on one end, and from 46.5 m to 41 m (top) on the
other end.
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Figure 5-17: Cutback transmission measurements for a low loss 5µm core fibre exposed over 2
years to atmospheric conditions. Top: from 1350 nm to 1450 nm. Bottom: from 1650 nm to
2200 nm. For both ranges the transmission was measured over 249 m, 243 m and recoupling
onto the other end then measuring over 243 m, 237 m and 50 m.
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5.3.2 Position-dependent PCF transmission at 1364 nm, 1383 nm
and 1398 nm
The same procedure used in section 5.2 to calculate the absorption strength for the time-
dependent experiment was used to analyse the data of the localised degradation experiment
obtaining the absorption strength at the fibre ends for the different fibres. The absorption
obtained for all the fibres decreased as the contaminated ends were removed, which is equiv-
alent to an increasing transmission as presented in Figs. 5-18, 5-19, 5-20 and 5-21. The
data points are represented in each figure by circles, diamonds, triangles and squares which
correspond to fibres A, B, C and D respectively. The values of the data points represented
were normalised by the respective initial transmission value measured for each fibre.
For the different fibres the transmission dependence on the length of the contaminated
ends, is compared at 1364 nm, 1383 nm and at 1398 nm in Figure 5-22. The data presented
in Figs 5-18, 5-19, 5-20 and 5-21 are generally well fitted to exponential curves which are
plotted on the same figures. Such fits describe the localization of degradation in the fibres’
ends, and the exponential model used is described in the following section.
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Figure 5-18: Increasing transmission observed for fibre A (1.3 µm core diameter) as the
contaminated ends were removed. The circles correspond to data points at 1364 nm (white),
1383 nm (grey) and 1398 nm (black) and the lines correspond to the exponential fits, z is the
length of the removed fibre ends from the 25 m long fibre. The data points were obtained
from the measurements presented in Figure 5-13, the left set from x=25 m to x=21.5 m
(from left to right) and the right set correspond to x=18.5 m down to x=16 m (from right
to left).
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Figure 5-19: Increasing transmission observed for fibre B (2.26 µm core diameter) as the
contaminated ends were removed. The diamonds correspond to data points at 1364 nm
(white), 1383 nm (grey) and 1398 nm (black) and the lines correspond to the exponential
fits, z is the length of the removed fibre ends from the 25 m long fibre. The data points
were obtained from the measurements presented in Figure 5-14, the left set from x=25 m
to x=21.5 m (from left to right) and the right set correspond to x=21.5 m down to x=18 m
(from right to left).
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Figure 5-20: Increasing transmission observed for fibre C (5.2 µm core diameter) as the
contaminated ends were removed. The triangles correspond to data points at 1364 nm
(white), 1383 nm (grey) and 1398 nm (black) and the lines correspond to the exponential
fits, z is the length of the removed fibre ends from the 35 m long fibre. The data points
were obtained from the measurements presented in Figure 5-15, the left set from x=35 m to
x=31 m (from left to right) and the right set correspond to x=31 m down to x=28 m (from
right to left), the data points taken for the last set along with the level of OH contamination
were not enough to observe the exponential trend as observed for the other end.
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Figure 5-21: Increasing transmission observed for fibre D (HC-PCF) as the contaminated
ends were removed. The squares correspond to data points at 1364 nm (white), 1383 nm
(grey) and 1398 nm (black) and the lines correspond to the exponential fits, z is the length
of the removed fibre ends from the 50 m long fibre. The data points were obtained from the
measurements presented in Figure 5-16, the left set from x=50 m to x=46.5 m (from left to
right) and the right set correspond to x=46.5 m down to x=41 m (from right to left).
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Figure 5-22: Comparison of the transmission of the experimental data and corresponding
exponential fits in relation with the removed length of the contaminated ends. From top to
bottom 1364 nm, 1383 nm and 1398 nm. Data points: circles correspond to a diameter of
1.3 µm, diamonds to 2.26 µm, triangles to 5.2 µm and squares correspond to the HC-PCF
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5.4 Position-dependent PCF local attenuation
The model that fully describes the changes in the fibre transmission depending on the length
of the contaminated ends is:
y(z) = a · eb·z + c+ α0 · z (5.1)
where y is the logarithm of the transmission that depends exponentially on length z (in m), a
(in dB) is a scaling factor, a+c is the initial value when z=0, b>0 in m−1 is the growth rate
of the exponential which is interpreted as the change in transmission per unit length, c (in
dB) is the value of the transmission on the fibre with uniform distribution of contaminants
and α0 is the value in dB/m of the initial attenuation (measured just before the experiments
started). In this model the term a · eb·z dominates for small values of z whereas the term
α0 · z dominates for long fibre lengths. This means that the transmission for short distances
(i.e. fibre ends) is described well enough by the exponential term.
The position dependent local attenuation α(z) of the contaminated fibre ends is the
derivative of equation (5.1):
dy
dz
= α(z) = a · b · eb·z + α0. (5.2)
Equation (5.3) is obtained considering that α0 <<α at the contaminated ends whose
lengths are short compared to the total fibre length. The multiplying factor of 1000 is
introduced to obtain α in dB/km
α(z) = 1000 · a · b · eb·z (5.3)
According to this approximation, the data plotted in Figs. 5-18, 5-19, 5-20 and 5-21,
(that correspond to the normalized transmission values from the localised of degradation
experiments), were fitted to the exponential model described in equation (5.4), where α0 is
neglected
y(z) = a · eb·z + c (5.4)
The local attenuation represented in Figs. 5-23, 5-24, 5-25 and 5-26 was obtained from
the derivative of the exponential fits. The level of OH contamination at one end of the 5.2
µm core fibre (fibre C) as well as the number of data points taken (from x=31 m to x=28 m
Figure 5-20) were not enough to see the exponential trend on the transmission after removing
the contaminated parts, therefore the local attenuation analysis is presented for one end only
as seen in Figure 5-25.
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The b coefficients which dictate the contamination growth rate depending on the length
are included in table 5.2 for each fibre end. High values of the b coefficient imply that the
transmission increases by a factor of e over a shorter length, that is to say that in the case
of the 5.2 µm core SC-PCF (fibre C) the concentration of contaminants are mainly located
in the first metre. The OH contamination is observed to affect the fibre performance more
at 1383 nm and 1398 nm as an increased absorption. One would expect that with bigger
holes water vapour is liable to enter a longer length into the fibre structure to subsequently
contaminate the core silica bulk. However, being the holes surrounding the 5.2 µm core
fibre larger than those of the small-core fibres, the observed degradation at the OH related
wavelengths is not larger for bigger holes after one meter of contaminated ends. This can
be observed in the local attenuation comparison for all the fibres at 1364 nm, 1383 nm, and
1398 nm in Figs. 5-27, 5-28 and 5-29 respectively. If the number of defects on the core surface
is lower, as expected for larger cores, then OH formation on the surface is reduced and so
is its further reaction with the silica bulk core. In the case of the 1.3 µm core and 2.26 µm
core fibres the transmission at 1364 nm increases over a shorter distance compared to the
other fibres. It seems that the amount of OH on the core surface of small-core fibres moves
very rapidly towards the core centre increasing the absorption at 1383 nm and 1398 nm as
observed in Figure 5-18 for fibre A (1.3 µm).
fibre @1364 nm(m−1) @1383 nm(m−1) @1398 nm(m−1)
Aend1 0.6218 0.7131 0.7863
Aend2 0.8969 0.6277 0.7599
Bend1 1.075 0.8307 0.9221
Bend2 0.6887 0.4994 0.5785
Cend1 0.1852 1.958 1.98
Cend2 N/A N/A N/A
Dend1 0.1124 0.574 0.731
Dend2 0.138 0.1437 0.1631
Table 5.2: b coefficient for fibres A, B, C and D for 1364 nm, 1383 nm and
1398 nm.
81
5.4. Position-dependent PCF local attenuation
0   1   2   3   3.5 5 4 3 2 1 0
0
2000
4000
6000
8000
10000
12000
14000
z (m)
lo
ca
l a
tte
nu
at
io
n 
(dB
/km
)
 
 
1364 nm
1383 nm
1398 nm
Figure 5-23: Local attenuation corresponding to the contaminated ends (exposed over 26
weeks) of the 1.3 µm core diameter fibre at 1364 nm, 1383 nm, and 1398 nm, z is the length
of the removed fibre ends from the 25 m long fibre.
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Figure 5-24: Local attenuation corresponding to the contaminated ends (exposed over 26
weeks) of the 2.26 µm core diameter fibre at 1364 nm, 1383 nm, and 1398 nm, z is the length
of the removed fibre ends from the 25 m long fibre.
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Figure 5-25: Local attenuation corresponding to one contaminated end (exposed over 24
weeks) of the 5.2 µm core diameter fibre at 1364 nm, 1383 nm, and 1398 nm, z is the length
of the removed fibre ends from the 35 m long fibre.
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Figure 5-26: Local attenuation corresponding to the contaminated ends (exposed over 28
weeks) of the HC-PCF at 1364 nm, 1383 nm, and 1398 nm, z is the length of the removed
fibre ends from the 50 m long fibre.
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Figure 5-27: Comparison of the local attenuation at 1364 nm for the contaminated ends of
fibres with core diameter of 1.3 µm, 2.26 µm, 5.2 µm and HC-PCF, z is the length of the
removed fibre ends from the different fibres. The original length of the 1.3 µm and 2.26 µm
core fibres was 25 m, 35 m for the 5.2 µm and 50 m for the HC-PCF.
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Figure 5-28: Comparison of the local attenuation at 1383 nm for the contaminated ends of
fibres with core diameter of 1.3 µm, 2.26 µm, 5.2 µm and HC-PCF, z is the length of the
removed fibre ends from the different fibres. The original length of the 1.3 µm and 2.26 µm
core fibres was 25 m, 35 m for the 5.2 µm and 50 m for the HC-PCF.
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Figure 5-29: Comparison of the local attenuation at 1398 nm for the contaminated ends of
fibres with core diameter of 1.3 µm, 2.26 µm, 5.2 µm and HC-PCF, z is the length of the
removed fibre ends from the different fibres. The original length of the 1.3 µm and 2.26 µm
core fibres was 25 m, 35 m for the 5.2 µm and 50 m for the HC-PCF.
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5.5 Atmospheric water vapour inside PCF’s air holes
A fine spectral structure was observed in the measured transmission spectra of the HC-PCF
(fibre D) exemplified in Figure 5-30. To corroborate the origin of these absorption lines
high spectral resolution measurements (0.1 nm) were performed in the range from 1350 nm
to 1450 nm using a supercontinuum source for fibre D, and a tungsten lamp as a source
for a 9 m piece of SMF-28. Both transmission spectra were recorded with an OSA and
are illustrated in Figure 5-31 and 5-32. The absorption lines observed in the transmission
measurements of fibre SMF-28 are attributed to water vapour in the laboratory and in the
OSA. These fine absorption bands are wavelength coincident to those described by Curcio et
al. [135] as absorbing species of atmospheric water vapour. The strength of such absorption
is notoriously stronger for fibre D (Figs. 5-31 and 5-32) and is attributed to the presence of
water vapour in the cladding and core holes.
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Figure 5-30: a) Transmission spectrum of the HC-PCF measured just after fabrication (top),
and after 28 weeks of exposure (bottom). Note the surface peak growth and the appearance
of a broad absorption feature. b) Transmission resulting from the difference between both
spectra.
A final experiment to support the idea that water vapour contamination enters through
the hollow structure of the PCF consisted of measuring the transmission of identical pieces
of fibres A (25 m), C (35 m) and D (50 m) just after fabrication, and subsequently sealing
the fibre ends using a fibre splicer. The PCF’s with fused ends (illustrated in Figure 5-33)
were stored for 11 weeks under the same laboratory conditions as the fibres that showed
degradation in their transmission. After this period the sealed ends were carefully cleaved in
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Figure 5-31: Fine spectral absorption bands of atmospheric water vapour [135] observed in
the range from 1360 to 1370 observed in fibre D (top) and an SMF-28 (bottom) using 0.1 nm
resolution.
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Figure 5-32: Fine spectral absorption bands of atmospheric water vapour [135] observed in
the range from 1390 nm to 1405 nm observed in fibre D (top) and an SMF-28 (bottom) using
0.1 nm resolution.
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order to perform transmission measurements. Both transmission measurements, before and
after end sealing, are compared for each fibre in Figure 5-34, 5-35 and 5-36. Although there
is a difference in transmission before and after end sealing it is modest, and small compared
to that observed in the fibres left exposed to laboratory conditions the same amount of time
with unprotected ends (see Figs. 5-10, 5-11 and 5-12 ) which confirms that the degradation
for all the wavelengths observed is originated by the contamination entering through fibre
holes.
Figure 5-33: Pictures of the sealed ends of the different fibres from top to bottom the SC-
PCF’s with core diameter of 1.3 µm, 5.2 µm and HC-PCF.
In the case of a SC-PCF the residual valences of the silica core surface Si−O−Si (silox-
ane) and water vapour, that enters through the cladding holes, react at room temperature
covering the core surface with silanol (OH groups) [35]. This causes scattering losses and
increased background absorption noticeable in the cutback transmission measurements for
all fibres (Figs. 5-13, 5-14, 5-15 and 5-16). OH can subsequently diffuse [40] into the silica
fibre core explaining the increased absorption at the contaminated fibre ends at OH related
wavelengths. After removing the contaminated fibre ends from all the fibres the losses return
to the original levels including the background losses and those of the absorption bands at
1364 nm, 1383 nm and 1398 nm.
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Figure 5-34: Transmission measurements before and after end sealing fibre A (1.3 µm). The
fibre ends were sealed for 11 weeks.
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Figure 5-35: Transmission measurements before and after end sealing fibre C (5.2 µm). The
fibre ends were sealed for 11 weeks.
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Figure 5-36: Transmission measurements before and after end sealing fibre D (HC-PCF).
The fibre ends were sealed for 11 weeks.
5.6 Conclusions
Using PCF’s with very low OH content allows one to establish the degradation of such
fibres even after only a few days of exposure to the laboratory environment. Degradation
of the analysed transmission wavelengths for the smallest core PCF occurs more rapidly
than that for bigger cores The rapid degradation observed for small-core fibres recalls the
dramatic increase at 1383 nm also observed for small solid core PCF’s [37], such degradation
stands out for fibre A (1.3µm) and it is speculated that the degradation driving mechanisms
are related to the silica network structure in small-core fibres and its interaction with OH.
Based on the experiments performed to investigate the time degradation and localization of
degradation by OH contamination in PCF’s it was found that the effect on fibre degradation
of the size of the cladding holes surrounding the core is clearly not dominant. The core size
and number of defects on the surface and in silica bulk seem to be more important.
To further understand the origin and nature of the broad absorption at 1398 nm a more
specific technique like electron paramagnetic resonance (EPR), optical or vibrational spec-
troscopy is necessary.
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Chapter 6
Widely tunable infra-red soliton
fibre source
The low loss and low OH content achieved for small-core PCF’s has motivated their appli-
cation in pulsed wavelength tunable sources by means of soliton self-frequency shift and a
suitable cladding design to engineer the group velocity dispersion (GVD). Such sources are
desirable for applications like digital-to-analogue conversion (DAC) [136–138], communica-
tions [139–141], optical coherence tomography (OCT) [142] and non linear microscopy [143].
Using an adequate low loss SC-PCF design, the wavelength of the output can be tuned by
varying the input pulse power over a large range, obtaining short pulses of a few tens of fem-
toseconds. Part of the experimental work was carried out in collaboration with the Centre
for Ultrahigh-Bandwidth Devices for Optical Systems (CUDOS) in the University of Sydney,
Australia. The GVD of the low OH fibres was characterised experimentally and supported
by numerical simulations.
6.1 Introduction
Solitary waves were first observed in water [144] and are known as optical solitons in the
optical field. These waves can only be excited when the dependence of the refractive index
with the light intensity, i.e. non-linearity, is observable. The typical intensity levels required
to excite optical nonlinear effects experimentally were only possible after the first laser source
[145]. The optical refractive index of any material also depends on the frequency of light,
yielding different propagation velocities for different optical frequencies. This gives rise to
group velocity dispersion (GVD), responsible of the temporal broadening of optical pulses
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in the linear regime. In this chapter the focus will be on the optical solitons existing in the
anomalous GVD regime of the fibres which are localized bright pulses [146, 147]. Strictly
there is a whole family of these type of optical solitons which are parametrised by integer
values of N from equation 6.1. Solitons with N=1 are the only stable ones in this family.
The fundamental soliton or first order soliton (N=1) preserves its temporal and spectral
shapes throughout its propagation, neglecting wave-guide losses. Therefore, unless stated
otherwise the word soliton refers to the fundamental soliton only. Equation 6.1 is derived
from the non linear Schroedinger equation (NLSE) [146] which accounts for the GVD and
fibre non-linearity through the parameters β2 and γ [146] respectively. A soliton exists only
under the right balance between linear (GVD) and non-linear (Kerr) effects [146].
N2 ≡
LD
LNL
=
T 20 γP0
|β2|
(6.1)
LD ≡
T 20
|β2|
(6.2)
and
LNL ≡
1
γP0
(6.3)
where the dispersion length LD , and the non linear length LNL are the typical length scales
at which the linear and non linear effects significantly affect the pulse propagation.
Once the soliton is formed in a silica fibre it will be inherently affected by the Raman
effect [146]. As a consequence of this effect the soliton is continuously transferring energy to
the optical phonons (noise) propagating in the glass. Such loss of energy manifests as the
down-shift of the soliton carrier frequency, yielding the well known Raman induced soliton
red-shift, also known as Raman induced frequency shift (RIFS) [146]. The frequency red-shift
is approximately given by [148]
Ω(z) = −
8TR|β2|
15T 40
z (6.4)
where TR is the first moment of the nonlinear response function [146] and z the distance
along the fibre.
The Raman effect is therefore the fundamental underlying physical effect that provides
the wavelength tuning capability of the soliton source presented here which is limited to the
anomalous GVD spectral region of the PCF.
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6.2 Fibre design and characterisation
6.2.1 Numerical calculation of the group velocity dispersion
The numerical calculation of the GVD allows one to estimate the wavelength of the first and
second zero group velocity dispersion wavelengths (ZGVD) λZD1 and λZD2, that delimit
the anomalous region, for a particular design of the PCF. The calculation was carried out
using a commercially available finite element method (FEM) [149] software (COMSOL) [150].
The software includes graphic tools that allow one to reproduce the structure of the object,
in this case the cross sectional fibre geometry, and the calculations are performed over a
mesh defined by the user. The programs were exported to Matlab (linked to COMSOL) to
customize and automate the calculations. A cladding structure of three rings of air holes,
as that shown in Figure 6-1, was used in the program. The core radius r, and air-hole to
pitch ratio d/Λ were considered for the simulations where d is the hole diameter and Λ the
distance between two consecutive hole centres. The dispersion of the bulk silica glass was
taken into account through the Sellmeier equation (equation 6.5) that describes dependence
of refractive index with wavelength [146]
n2(ω) = 1 +
m∑
j=1
Bjω
2
j
ω2j − ω
2
(6.5)
where ωj is the resonant frequency and Bj is the strength of resonance. The values of
the parameters, obtained for silica fibres, for m=3 are B1=0.6961663, B2=0.4079426, and
B3=0.8974794, and ω1=27.537 PHz ω2=16.205 PHz and ω3=190.34 THz. Numerical calcu-
lations were helpful to optimise and simplify the fibre fabrication process. The fibres were
fabricated according to the geometry of the numerical model necessary to achieve a wide
anomalous dispersion region. The GVD was calculated numerically for core diameters rang-
ing from 1.7 µm to 2.4 µm for different values of d/Λ, in the wavelength range 500 nm to
2500 nm. Once the fibres were fabricated, with the approximate d and Λ the core diameter,
d and Λ were measured from SEM images shown in Figure 6-1. d/Λ for the 1.5 µm core fibre
was 0.88 and 0.76 for the 2.3 µm core diameter was estimated by obtaining the average of the
measured values of d and Λ. New numerical calculations of the GVD were obtained using the
measured values of d and Λ and were compared with the GVD experimental measurements.
In Figure 6-2 the numerical dispersion curves obtained for 1.5 µm core for different d/Λ are
plotted. In Figure 6-3 the dispersion curves corresponding to a d/Λ=0.76 for different core
diameters are plotted.
The fibres used for experiments related to the red-shift of solitons were fabricated with
the annealing method described in Chapter 4. The cladding of the fibres was designed to have
a wide anomalous dispersion region and low losses at 1383 nm (contained in that region).
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( a ) ( b )
Figure 6-1: SEM pictures of the fibres used in the SSFS experiments with different diameters.
(a) 1.5 µm core and d/Λ≈ 0.88 and (b) 2.3 µm d/Λ≈ 0.76.
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Figure 6-2: GVD curves obtained from numerical calculations for 1.5 µm core fibre and
different d/Λ in the wavelength range from 500 nm to 2200 nm.
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Figure 6-3: GVD curves obtained by numerical calculations for different core diameters and
d/Λ=0.76 in the range wavelength from 500 nm to 2200 nm.
This allowed the SSFS span over the wide anomalous region achieving the maximum possible
shift stopping just before the λZD2, surpassing the OH absorption peak. In the following
section the experimental characterisation of the fibre attenuation and GVD is presented.
6.2.2 Attenuation characterisation
The fibre attenuation was measured using a white light source (WLS) and an optical spec-
trum analyser (OSA) with the cutback technique. In figure 6-4 the attenuation curves
obtained for the 1.5 µm and 2.3 µm core diameter in the wavelength range from 450 nm to
1700 nm are shown. The attenuation at 1383 nm is 70 dB/km for the 1.5 µm core fibre and
60 dB/km for the 2.3 µm core fibre.
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Figure 6-4: Attenuation of the fibres used in the SSFS experiments with, 1.5 µm and 2.3 µm
core diameters. The fibres were fabricated using the annealing fabrication method.
6.2.3 Experimental group velocity dispersion characterisation
The GVD profile was characterised experimentally for the 1.5 µm core fibre using a set up
based on a Mach-Zender interferometer. A schematic of the set up is shown in figure 6-5.
A fibre based supercontinuum was used as a white light source. The beam was divided
by a beam splitter (BS1) into two arms, the test arm or fibre arm and the reference arm.
The largest magnitude of the interference fringes occurred when the propagation times of
the beams on the reference arm (tref ) and the fibre arm (tfibre) at the recombination point
(BS2) were equal (see equations 6.6 and 6.7). To compensate the delay introduced by the
fibre on the fibre arm, the path length on the reference arm was modified by changing
the position of the mirrors on the motorised translation stage by a length x. Both beams
were recombined in a second beam splitter, and before entering the photo-receiver the beam
passed through a NBP (narrow bandpass) filter that was selected to find the interference
fringe position for the desired wavelength. The telescope in the reference arm was used to
compensate the dispersion introduced by the objectives in the test arm, used to couple the
light into the fibre and to collimate the beam afterwards. The signal from the fibre arm
was usually weak, therefore it was modulated by a chopper and amplified using a lock-in
amplifier. The signal from the lock-in amplifier was then sent to a PC to be analysed. An
example of an interference fringe is shown in figure 6-6.
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Figure 6-5: Experimental set up to characterise PCF’s group velocity dispersion that includes
a Mach-Zender interferometer to obtain interference fringes from 589 nm to 2150 nm.
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Figure 6-6: Example of an interference fringe obtained with the Mach-Zehnder interferome-
ter. The mirror position x=15.652 is that of the maximum interference.
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The propagation times in the reference and fibre arms tref and tfibre respectively were
calculated as follows:
tref =
Lx0
c
+
2x
c
(6.6)
and
tfibre =
La
c
+
ngLf
c
(6.7)
Here Lx0 is the path length of the reference arm when x=0, La is the free space path length
on the fibre arm, Lf is the fibre length, x is the measured displacement to compensate the
difference in optical paths and c is the speed of light in vacuum. If tref = tfibre, then
ng =
2x+ Lx0 − La
Lf
(6.8)
and dispersion D is defined as [146]:
D =
dβ1
dλ
= −
2picβ2
λ2
(6.9)
where β1=1/vg=ng/c, vg is the group velocity and ng the group index.
D in terms of the measured displacement x is:
D =
dβ1
dλ
=
1
c
dng
dλ
=
2
cLf
dx
dλ
(6.10)
in ps/km/nm.
The curve presented in Figure 6-7 shows the experimental position of the maximum in-
terference obtained for wavelengths ranging from 589 nm to 2150 nm (for the 1.5 µm core
fibre). Experimental data were fitted to a tenth order polynomial. The characterisation
of the GVD is usually done for a shorter range of wavelengths, but thanks to the low loss
in the fibres used the dispersion measurements were possible in the whole anomalous GVD
region, which allowed the experimental localisation of both λZD1 and λZD2. To this effect
three different photo-receiver detectors were used. A silicon PIN visible detector was used in
the range from 589 nm to 1700 nm, an InGaAs PIN IR-detector was used from 1540 nm to
2000 nm (both from New Focus), and from 1750 nm to 2150 nm a high speed InGaAs detec-
tor (DET10D from Thorlabs) was used. The experimental GVD curve shown in Figure 6-8
was obtained by differentiating the fitted curve and multiplying by the factor 2
cLf
obtained
in equation 6.10. Note that the ng can also be derived experimentally if the lengths Lx0
and La are known from equation 6.8. According to the experimental measurements of the
1.5 µm fibre the first and second ZGVD are λZD1=687 nm and λZD2=1921 nm, and those
encountered by numerical simulations were λZD1=680 nm and λZD2=1763 nm. The GVD
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derived numerically provided a good estimate of λZD1 obtained experimentally. The numer-
ical estimation of λZD2 was located below that observed experimentally. Such discrepancy is
attributable to the difference between the geometry used in the numerical calculations and
that in the actual fibre and (marginally) to the uncertainty of the interference measurements.
For the simulations circular holes were assumed (not accounting for the deformation of the
first ring surrounding the core) and average values of d and Λ were used, which might have
induced a different effective index leading to a shorter value of the λZD2. Whilst the changes
of air filling fraction modifies only slightly the λZD1 position, changes in the diameter of the
fibre core shift the λZD1 position more significantly.
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Figure 6-7: Mirror position x of the maximum interference found for a range of wavelengths
from 589 nm to 2150 nm.
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Figure 6-8: Experimental (red) and numerical (blue) GVD curves obtained for the 1.5 µm
diameter SC-PCF with a d/Λ=0.88. Experimental λZD1=687 nm and λZD2=1921 nm,
numerical λZD1=680 nm and λZD2=1763 nm.
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6.3 Widely tunable infra-red soliton source using a low
OH small-core PCF
In this section the experiment of soliton self frequency shift to prove the principle of a
highly efficient tunable source over an octave carried out by S. A. Dekker at CUDOS in the
University of Sydney, Australia is described. The fibre used for this purpose was the 1.5 µm
core diameter fabricated and characterised by the author of this thesis, the main features
of such fibre is the wide anomalous dispersion region of more than 1230 nm and low loss
particularly at 1383 nm. Schematic of the set-up used is shown in Figure 6-9.
Long pass filter
(1500nm)
Figure 6-9: Schematic of the set up of the widely tunable infra-red soliton fibre based source
using an ultra short pulse laser.
The short pulses obtained from a mode-locked Titanium-Saphire laser with a repetition
rate of 83 MHz were coupled to 40 m of the 1.5 µm core PCF with a 40×microscope objective.
To avoid disruptive feedback from back reflections an optical isolator was used at the output
of the laser. Spectral measurements of the pulse were taken with an optical spectrometer
Ocean Optics HR2000 showing that the pulses were close to transform limited. At the same
time the pulse width was measured with an autocorrelator assuming a Gaussian pulse shape.
Given that the maximum red-shift of the pulses is obtained at the highest input power, as the
fibre was birefringent, to achieve a better performance the input polarization was optimized
with a half-wave plate. The input power were tuned using a variable attenuator and the
output spectra, shown in Figure 6-10, was recorded in the range from 600 nm to 1750 nm
with an OSA (Ando AQ6317B) and with a Yokogawa (AQ6375) in the range from 1400 nm
to 2200 nm. A long wavelength-pass filter transmitting wavelengths over 1500 nm, was used
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to filter out spectral features related to higher order diffraction effects.
lZD2lZD1
Figure 6-10: Spectra measured for a range of pump peak powers in a 40 m piece of low
loss SC-PCF of 1.5 µm core diameter. The dispersive wave is observed to the right of the
λZD2=1921 nm, the soliton reaches its maximum red-shift at 1883 nm, before λZD2.
Figure 6-10 corresponds to the spectra at the fibre output for different input powers.
Because of the Raman effect the wavelength of the soliton moves continuously towards longer
wavelengths as the pump peak power increases from 0.8 kW to 12.5 kW. Relative to the
pump wavelength (801 nm), more than an octave red-shift is observed for the most red
shifted soliton at an input power of 9.8 kW. The FWHM of the input pulse is 105 fs centred
and the soliton number associated is N≈ 8. The soliton experiencing the longest shift,
centred at 1708 nm, contains 22% of the incident photons in the fibre which represents
about 10% of the incident power and 52% of the output power. This is the longest soliton
red-shift reported and the first time that a shift over an octave in SSFS experiments has been
achieved [115, 151]. As the input power is increased further, illustrated in Figs. 6-10 and
6-11, the soliton keeps moving forward in wavelength until it is disrupted by the proximity
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of the λZD2=1921 nm and for powers of 12.5 kW and above the soliton reaches its shift limit
at 1883 nm. Associated to this limit shift is the spectral feature at 2040 nm corresponding to
the Cherenkov radiation also known as dispersive wave (DW) in the normal dispersion region.
In this situation, the red-shift induced by the Raman effect is balanced by the spectral recoil
effect (blue-shift in this case) associated with the emission of the dispersive waves across the
λZD2 [152, 153] osberved in Figure 6-10 and represented as white circles in Fig 6-11.
lZD2
Figure 6-11: Wavelength of the most red-shifted soliton for different input powers (black
circles). For powers of 12.5 kW and above the soliton stops shifting because of the close
presence of the λZD2. The DW’s observed at 2040 nm are plotted as hollow circles.
6.3.1 Effects of OH contaminated PCF’s on the soliton shift
As established in Chapter 5 the absorption strength of the OH peak at 1383 nm increases
dramatically with time when exposed to laboratory moisture, particularly for small-core
sizes. To illustrate the importance of low OH in SSFS, two experiments based on the same
set up described in the previous section were carried out with 21 m of the 1.5 µm diameter
fibre. For the first experiment the fibre with an absorption of 80 dB/km at 1383 nm was
pumped at 785.5 nm with pulses of 100 fs FWHM of temporal width. The output spectra
obtained for different input powers is presented in Figure 6-12.
Under the standard assumption that gamma and the soliton (with N=1 from equation
6.1) energy vary much more slowly than the GVD, then T0 ∝ |β2|. Hence when the soliton is
red shifted into a region of bigger |β2|, T0 increases proportionally and the magnitude of the
red-shift Ω [146] from equation 6.4 decreases. The opposite occurs when the soliton is red
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shifted into a wavelength where |β2| decreases leading to a larger red-shift. Despite the fact
that unfavourable conditions coincide in wavelength (around 1400 nm), i.e. increasing and
high |β2| and high OH absorption (see Figure 6-13), the soliton was observed to red-shift over
an octave on the 21 m and 40 m fibre pieces as shown in Figs. 6-10 and 6-12 respectively.
Ppump=0.424 kW
Ppump=1.37 kW
Ppump=3.49 kW
Ppump=5.61 kW
Ppump=7.42 kW
Ppump=9.64 kW
Ppump=12 kW
Ppump=14.1 kW
Ppump=16.4 kW
PumplZD1
Figure 6-12: Spectra of the solitons observed at the output of the 21m fibre (1.5 µm core
diameter) with low OH absorption at 1383 nm (80dB/km). The dashed line centred at
1708 nm points the wavelength of the most red-shifted soliton.
After three months of being exposed to laboratory conditions the attenuation associated
with the OH absorption peak increased dramatically to 2.41 dB/m (2410 dB/km) as opposed
to the 70 dB/km measured initially at this same wavelength. The same experiment was
conducted by our collaborators at CUDOS, Sidney over the OH contaminated 21 m of
1.5 µm core fibre. A clear detriment in the fibre’s performance is observed in the spectra
showing the limited shift of the soliton in Figure 6-14. Although the soliton crosses the
OH absorption barrier with increasing input power it does not move significantly with input
powers above 13.3 kW, reaching its maximum red-shift at 1464 nm for 15.1 kW. In Figure
6-15 a comparison of the soliton shift with power for both experiments with low and high
OH content fibres is presented.
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Figure 6-13: Attenuation and β2 curves obtained experimentally for the 1.5 µm core fibre.
The dashed lines indicate the approximate extent of the barrier of the absorption of the first
stretching overtone in silica.
For very high losses the soliton peak power P0 is reduced to the point where it can no
longer excite non-linear effects. The Raman effect is therefore stopped by the losses and
consequently the shift stops after the OH barrier as presented in Figure 6-14 for the 21 m
fibre piece with an absorption of 2.41dB/m (2410 dB/km) at 1383 nm. The pulse now
experiences the linear effects only and disperses generating a chirp in the pulse [154].
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lZD1
Figure 6-14: Spectra of the solitons observed at the output of the 21 m fibre (1.5 µm core
diameter) exposed to OH contamination. The dashed lines around 1400 nm indicate the
approximate extent of the OH absorption. The shift of the soliton is restrained due to the
high absorption of the first stretching OH overtone in silica.
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Figure 6-15: Wavelength shift of the solitons in the low OH and OH contaminated fibre
(1.5 µm core) for different input powers represented as hollow circles and black circles re-
spectively. The dashed lines around 1400 nm indicate the approximate extent of the OH
absorption. The red-shift of the soliton is restrained due to the high absorption of the first
stretching OH overtone in the OH contaminated fibre.
6.4 Looking for solitons beyond 2 µm
Using the 2.3 µm core fibre also with a broad anomalous region that according to the nu-
merical simulations (see Figs. 6-3) ranges from λZD1=806 nm to λZD2=2413 nm the author
of this thesis carried out two separate experiments at the University of Bath. One consisted
of pumping 260 fs pulses from 20 MHz laser at 1064 nm to 50 m of fibre, measuring the
output spectra for different input powers with a Bentham spectrometerr. The input power
was adjusted by using two half-wave plates and a polarising beam splitter as shown in Figure
6-16.
In the spectra presented in Figure 6-17 a soliton shift towards long wavelengths is ob-
served while the pump peak power increases from 7.5 kW to 27 kW, the most red-shifted
soliton wavelength is 2120 nm. Above that input power the solitons spectra start to over-
lap. An artefact is observed around 2000 nm that corresponds to a change of grating of the
spectrometer.
The second experiment consisted of maintaining the input pulse peak power constant at
53 kW, and measuring the output spectra for different fibre lengths. While maintaining the
input coupled to the same fibre end, 5 m long pieces were removed from the the other end.
The measurements were carried out first over 45 m then removing 5 m (2.5 m removed from
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Figure 6-16: Schematic of the experimental set up used to generate solitons beyond 2 µm
using a 2.3 µm fibre with d/Λ=0.76.
each end), each time measuring the output spectra until measuring over 5 m and finally over
4 m. In Figure 6-18 the evolution of the soliton for different fibre lengths is shown. There
is a red-shift as the fibre length increases from 4 m to 15 m reaching 2220 nm for 53 kW
input peak power. For lengths longer than 15 m solitons spectral overlap starts to appear.
Another artifact is observed around 1600 nm that corresponds to a change of detector of the
spectrograph.
The observed soliton red-shift was larger by 100 nm, showing the influence of absorption
features as also observed for the 1383 nm absorption peak. The shift observed for the
experiment with fixed fibre length and variable input power was 1056 nm, close to an octave
shift relative to the pump wavelength (1064 nm). For the experiment carried out with a
fixed power for different fibre lengths the shift was of at 1156 nm showing over an octave
shift.
The absorption feature previously identified at 1900 nm in the experiments of degradation
of PCF attenuation of section 5.3, is observed in the spectra recorded for the experiment
done over 50 m of fibre. After removing 2.5 m from each end of the fibre the absorption at
1900 nm was not observed in the spectral measurements shown in Figure 6-18 with constant
input power and variable fibre length. In Fig 6-19 the logarithmic scale on the intensity
allows a better discernment of the changes at 1900 nm between the (superimposed) spectra
before and after removing the degraded fibre ends at .
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Figure 6-17: Soliton red-shift observed for a 2.3 µm core fibre with d/Λ=0.76 for different
input powers after 50 m of fibre. The most red shifted soliton is observed at 2120 nm for
27 kW of peak power. The solitons spectral overlap is observed for powers above 27 kW. An
absorption feature is observed at 1900 nm for peak powers of 27 kW and above.
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Figure 6-18: Soliton red-shift observed for 53 kW of input peak power for a 2.3 µm core
fibre with d/Λ=0.76 for different fibre lengths. The most red shifted soliton is observed at
2220 nm after 15 m of fibre, for longer lengths (25 m and above) the spectral overlap of the
solitons is observed. The absorption feature at 1900 nm is not observed, the contaminated
ends were removed prior the experiment. The dotted lines denotes λZD1 and λZD2 estimated
from numerical simulations.
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Figure 6-19: Comparison of the spectra from the same fibre. An absorption feature at
1900 nm is observed in blue for 50 m of the 2.3 µm core fibre. The spectrum in red cor-
responds to the same fibre after removing a 2.5 m from each end in which the feature at
1900 nm is not observed. The dotted line denotes λZD2 estimated from numerical simula-
tions.
6.5 Conclusions
The proof of principle of SSFS over an octave using low OH solid-core PCF was demonstrated
with a core diameter of 1.5 µm and OH content <1.3 ppm (corresponding to less than
80 dB/km of absorption due to OH at 1383 nm). Further improvement in the efficiency of
the output could be attained by optimising the GVD profile by reducing the value of the local
|β2| at the 1383 nm that would lead to better performance of the soliton red-shit. General
low losses in the fibres used, including low absorption at the OH stretching overtones and
the 1900 nm absorption band, were essential to achieve the best performance of the tunable
source. SSFS was observed beyond 2 µm in a 2.3 µm core diameter fibre also with a very
wide tunable range which is worth of further investigation. By using a doped fibre it would
be possible to amplify the output pulses at long wavelengths.
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Conclusions
In this thesis low OH content SC-PCF’s were successfully fabricated. Three different fab-
rication methods were independently implemented to reduce the final OH content of the
fibre: control of atmospheric moisture, fast processing time and annealing. The exposure
to the atmospheric water vapour of low OH content PCF’s causes an increase in the optical
absorption at OH related wavelengths. Low OH small-core SC-PCF’s were used as part of
infra-red femtosecond pulse sources demonstrating tuning of over an octave.
7.1 Summary of results
This thesis has focused on the reduction of OH content in SC-PCF’s fibres. In Chapter
4 the effects of conditions during fibre fabrication like moisture, processing time and glass
annealing, on the optical transmission of SC-PCF’s at the first resonance of the OH-stretching
mode in silica (1383 nm) were investigated.
In the atmospheric control method a constant N2 flow was used whenever possible
throughout the entire fabrication process to purge the moisture surrounding the glass. By
reducing the contact of processed glass, i.e. capillaries, rods, and canes with the moisture
present in the fabrication facilities the final levels of OH in a 5 µm SC-PCF were lowered to
8.6 dB/km, equivalent to 0.14 ppm at 1383 nm, close to the intrinsic material levels.
The reactivity of the silica surface to water vapour largely depends on the fictive temper-
ature which is a parameter that defines glass properties like the number of defects where OH
can attach. The time scale of the reaction of water vapour with the stressed silica surface is
short, a few minutes after the fabrication of the material, OH attaches to the silica surface
and diffuses further to the silica bulk network. The shorter the processed glass is exposed
to environmental conditions (i.e. water vapour) the lowest OH content the fibres will have
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and also the losses due to scattering will be lower. In the fast processing fabrication method
the integration of the stacking and jacketing steps (of the stack and draw technique) into
one step and the simple fibre design allowed a faster fabrication reducing the time glass is
exposed to the atmospheric water vapour.
Low OH SC-PCF’s were also obtained by the annealing fabrication method. With this
method the silica network relaxes thus reducing the number of defects and OH of the fibre.
Fabrication of low OH small-core PCF’s was successfully achieved annealing the preform
prior fibre drawing obtaining for a 2 µm core fibre an OH content of 0.19 ppm equivalent
to 11.6 dB/km at 1383 nm, the lowest OH content reported to date for such diameter. The
annealing method is easy to implement and the most effective method to obtain low OH
SC-PCF’s including the fibres derived from OH-contaminated canes. All the fabrication
methods are described in detail so that low OH SC-PCF’s can be reproduced.
From the investigation done in Chapter 5 on the degradation of different core-diameter
PCF’s exposed to the atmospheric water vapour present in laboratory is concluded that the
water vapour enters through the holey structure by the fibre ends and interacts with glass
forming OH groups in the fibres. The degradation is observed as an increased absorption
at 1365 nm, 1383 nm and a broad absorption peak at 1398 nm. This degradation decreases
exponentially from the fibre ends and towards the centre. The values of the local attenuation
are remarkably higher for small-core fibre. After 6 months a few meters of the fibre ends are
affected. By removing the contaminated ends it is possible to achieve the original attenuation
levels. This solution can be acceptable for experiments using long lengths of fibres. On the
other hand the fibre lengths commonly used in non-linear experiments are comparable to
the length of the contaminated ends and although the original levels of attenuation can not
be achieved, the losses using short lengths of fibre do not limit the experimental work.
Low losses particularly in the region of the first OH stretching overtone in small-core
SC-PCF’s made possible to achieve soliton sources in the infrared, tunable in a wide range
of wavelengths, from 801 nm to 1883 nm. High OH content prevents a wide spanning of
the soliton as observed in Figure 6-12, Figure 6-14 and Figure 6-15 where a fibre with
contaminated ends was used. The longest wavelengths at which these solitons were observed
was 2.22 µm.
Low OH SC-PCF’s enable applications in nonlinear optics where low loss is crucial. The
improvement in the fibres’ performance is intrinsically associated with the material properties
and the fabrication process. Lower losses can still be achieved by optimising fabrication
processes, techniques and materials used.
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7.2 Future work
Absorption at 1383 nm in SC-PCF’s is directly related the number of defects which increase
for smaller core diameters. Defects are sites where OH can bond to the silica matrix, a
greater number leads to higher attenuation. Further work to quantify the number of defects
and types of OH groups bonding in the silica core of of small-core PCF’s is needed to clarify
the strong relationship between absorption at 1383 nm and fibre core size.
The improvement in the fibres performance is intrinsically associated with the material
and the fabrication process. Lower losses can still be achieved by optimising fabrication
processes, techniques and materials used. The investigation of materials is particularly im-
portant to explore new possibilities at shorter and longer wavelengths for example glassy
materials or resins less prone to defect formation [155] so to reduce reaction with water
vapour (less soluble) [156], or with lower fictive temperature to reduce the Rayleigh scatter-
ing.
Spectral features observed at 900 nm, 1400 nm and 1900 nm are worth of further study
to determine their origin and to identify their relation to OH and silica glass fibre defects.
To prevent or reduce fibre degradation with time further work is needed in order to obtain
a long term solution whilst using the fibres for experiments or applications. For example
sealing only the holes or perhaps by annealing the fibre.
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